V. Bobi¢

Oneciscenije tla...

Vedranka Bobi ¢

ISSN 0350-350X

GOMABN 44, 1, 9-34

Stru¢ni rad / Professional Paper

UDK 502.37 : 504.53.054 : 665.7 : 504.53.062.4

ONECISCENJE TLA NAFTNIM
UGLJIKOVODICIMA — BIOOBNOVA:

MOGUCNOSTI, UCINKOVITOST, ISKUSTVA

SazZetak

Sve viSe saznanja o ireverzibilnim i dugotrajnim utjecajima
oneciSc¢enja na pogorSanje kvalitete tla, sedimenata i zaliha pitke
vode ima sve vedi utjecaj na istrazivanja i politiku upravljanja
okoliSem zadnjih dvadeset godina. Unos antropogenih, otrovnih i
Stetnih kemijskih spojeva u tlo ima ozbiljne posljedice na razli¢ita
podrucja ljudskih aktivnosti, od poljoprivrede, opskrbe pitkom
vodom, planiranja gradenja do gospodarenja prirodnim
resursima.

Tlo je jednako ugrozen ekosustav kao zrak i voda pa su neke
razvijene zemlje vec¢ pred dvadeset godina donijele zakone o
ocuvanju kvalitete tla a time i podzemnih voda. Uzroci
oneciScenja tla i podzemnih voda jesu: nepropisno zakopan
otpad, loSe rijeSeni tokovi otpadnih voda, nepropisno koriStenje
kemikalija u poljoprivredi, sluéajni izljevi izazvani nepaznjom,
pretierano crplienje podzemnih voda, odlaganje sanitarnog
otpada na zemlju, odlaganje otpadnih muljeva industrije,
propustanje iz industrijskih bazena za otpadne vode, propustanje
iz spremnika goriva na skladiSnim prostorima, itd.

Ugljikovodici su ¢est uzrok oneciscenja okoliSa pa na naftnoj
i petrokemijskoj industriji leZi velika odgovornost za rjeSavanje
problema oneciSc¢enja okoliSa. Industrije razvijenih zemalja su
vec Sezdesetih godina proSlog stoljec¢a pokrenule istrazivanja u
suradnji sa znanstvenim institucijama u cilju rjeSavanja problema
oneciScenja okoliSa naftnim ugljikovodicima.

Cilj je rada prikazati kako se bioloSke procese, kao temelj
brojnih korisnih tehnologija, moZe upotrijebiti kao gospodarski
opravdane i ucinkovite postupke ciS¢enja tla i podzemnih voda u
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sluéajevima njihova onecis¢enja opasnim tvarima, napose
naftnim ugljikovodicima

Uvod

SloZenost sustava tla i sedimenata te procesa koji se odvijaju u njima ne moze se
obuhvatiti na odgovarajuci nacin bez suradnje znanstvenika iz razli¢itih podruc¢ja. U
tom je smislu u razli¢itim zemljama pokrenut Citav niz multidisciplinarnih programa
istrazivanja tla. Osim toga, u europskim se zemljama u proteklome desetljeu
zamjecuje pojacana svijest o potrebi integriranja znanja razli€itih podrucja znanosti,
izrade programa mijera i uceSéa industrije, kako bi se tlom kao ekosustavom
upravljalo na ispravan nacin. Prodiranje zagadivaca u tlo ima ozbiljne posljedice za
razliGita podru¢ja ljudskih potreba i djelatnosti, kao Sto su koriStenje tla u
poljoprivredi, izgradnja, opskrba pitkom vodom, urbano i ruralno planiranje te
upravljanje prirodnim izvorima. Postoji nuznost za zakonskom zaStitom tla, kao Sto
je vec¢ ucinjeno za vode, zrak i gospodarenje otpadom, ¢ime se ujedno neizravno
§titi tlo i podzemne vode.

U Hrvatskoj je stanje daleko ozbiljnije i teZe nakon teSkih napada i stradavanja
gradova i industrijskih podrucja tijekom rata. U razli¢itim dijelovima zemlje gadane
su rafinerije, tvornice kemikalija, transformatori, skladiSta oruzja, te je nakon 1991.
doslo do istjecanja brojnih opasnih kemikalija (policiklickih aromatskih ugljikovodika,
policiklickih bifenila, pesticida, naftnih ugljikovodika, teSkih metala) kroz tlo u
podzemne tokove rijeka, onecCiS¢uju¢i tako glavne zalihe vode i potencijalna
obradiva zemljista.

Bioobnova

Bioobnova je postupak kojim se ksenobiotici (okoliSu strane kemijske tvari) koji su
usli u okoli§, prevode u manje toksi¢ne ili Skodljive oblike, odnosno mineraliziraju do
neorganskih (uglji¢ni dioksid i voda) djelovanjem mikroorganizama. Taj se postupak
temelji na sposobnosti mikrorganizama da koriste razlicite kemijske spojeve kao
izvore energije, $to Covjecanstvo nerijetko iskoristava. Stovide, ti procesi su na
primjer, temelj uobicajenih tehnolosSkih postupaka obrade otpadnih voda. Postupci
biorazgradnje ¢esto u potpunosti razgraduju ili mineraliziraju organske spojeve (pri
¢emu mineralizacija podrazumijeva razlaganje organske molekule na njezine
anorganske sastavne dijelove).

BioloSki se procesi veé stoljec¢ima koriste za proizvodnju kruha, vina i piva, pa sve
do uvrijezenih prehrambenih proizvoda poput sira, jogurta, sojina umaka ili alkohola.
Mikrobnim procesima nastaju brojne industrijske kemikalije, ukljucujuéi organske
kiseline, otapala, polimere, specijalizirane enzime te insekticide. Brojni se lijekovi
takoder dobivaju bioloSkim procesima, ukljucujuéi antibiotike, steroide te genetski
dobivene antikancerogene spojeve. U pozadini primjene bioloskih procesa u
proizvodniji hrane, lijekova i kemikalija kriju se gospodarski razlozi. Oni su takoder i

10 gorivai mazva, 44, 1 : 9-34, 2005.



V. Bobi¢ Oneciscenije tla...

motivacija za koriStenje bioloSkih procesa u zbrinjavanju opasnog otpada, ¢ime se
zapocelo krajem 1960-ih i po¢etkom 1970-ih.

Nema velike razlike izmedu nacela koja upravljaju bioloSkim procesima u obradi
otpadnih voda i onih u bioobnovi opasnih kemikalija. BioloSki su procesi katalizirani
kemijski procesi. Bioobnova koristi katalizator (enzim) Sto ga proizvode
mikroorganizmi kako bi katalizirala razgradnju nekog odredenog opasnog kemijskog
spoja. Zbog slozenosti okoliSa bioobnovu valja provoditi uz potpuno poznavanje
kemijskih reakcija i bioloSkih nacela uklju¢enih u pojedini postupak. Neke se
kemikalije u okoliSu mogu nakupljati u koli¢Ginama koje ugrozavaju zdravlje ljudi ili
kakvo¢u okoliSa. Do sredine 1960-ih smatralo se kako mikroorganizmi mogu
razgraditi sve kemijske spojeve koji ulaze u okoli§. Lekcija nas je naucio diklor-
difenil-trikloetan (DDT). Siroko koristenje tog pesticida otpornog na mikrobioloSku
razgradnju i topljivog u lipidima, dovelo je do njegova nakupljanja u organizmima na
viS§im razinama prehrambenog lanca (1,2). S druge strane, golema prirodna
sposobnost mikroorganizama da razgraduju organske spojeve temelj je bioobnove
koja, medutim, isto ima ograni¢enja Sto ih valja uzeti u obzir kod razmatranja
mogucnosti njezina koriStenja. Procesi biorazgradnje in situ osobito privlace
pozornost radi uloge Sto je mikroorganizmi mogu odigrati u smanjenju onecis¢éenja
okolisa. (3,4)

Biorazgradnja, biotransformacija koja uzrokuje pojednostavljenje strukture organskih
spojeva cijepanjem medumolekularnih veza, Cesto se Kkoristi kao uvrijezeni
tehnoloSki postupak obrade otpadnih voda (5). Pojednostavljenje kroz biorazgradnju
moze biti djelomiéno, pri éemu ukljuéuje jedino zamjenu funkcionalnih grupa, ili
potpuno, u kojem sluéaju u potpunosti razgraduje ili mineralizira organski spoj do
neorganskih dijelova ugljicnog dioksida, sulfata, fosfata, vode. (6) Uzrokom
uznemirenosti javnosti bile su upravo visoke koncentracije organskih spojeva
otpornih na razgradnju pronadenih u organizmima, napose onima prisutnima na
viS§im razinama hranidbenih lanaca, kao i otrovnost vezana uz navedene kemikalije.
(7

Procesi bioobnove su aerobni ili anaerobni a odvijaju se u stanicama autohtonih
mikroorganizama ili pak proizvedenih za specificne potrebe. Za neke ksenobiotike
proces se moze provesti kao kometaboli¢ki gdje se kao izvor ugljika koristi neki
drugi kemijski spoj. (8)

Sastav tla

Tlo je viSe ili manje slozena mijeSavina djeli¢a stijena, organske tvari, vlage,
bakterija, insekata i drugih malih Zivotinjskih vrsta (9). Nezivi ili abioti¢ki dio tla
sastoji se od tri komponente: plinovite, tekuée i krute. lzmedu krutih se Cestica
nalaze pukotine razli¢itih oblika i veli¢ina, tvoreéi zajedno prostor pora. Ukupan dio
tla Sto ga obuhvaéaju pore moZe uvelike varirati te je ovisan o vrsti tla (pjeskovita,
glinasta ili tresetasta tla). U porama tla mobilnu fazu predstavljaju plin i vlaga &iji se
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razmjeran doprinos u ukupnoj koli€ini u tlu stalno mijenja pod utjecajem padalina,
isparivanja i transpiracije. (10)

Plinovita faza tla u nacelu je istoga sastava kao i atmosfera. PotroSnja kisika i
stvaranje ugljiénog dioksida posljedica su mikrobnih aktivnosti i respiracije korijenja.
U gornjem se dijelu tla obi¢no istovremeno nalaze i zrak i voda.

Kruta faza tla moZe prema sastavu biti podijeljena na organsku i mineralnu frakciju.
Organska frakcija pretezno potjeCe od biljnoga materijala te se sastoji uglavnhom od
zivoga biljnoga materijala (korijenje), te mrtvoga biljnoga materijala u razli€itim
fazama raspadanja - humusne tvari. Navedene humusne tvari sadrze velik broj
negativno nabijenih reaktivnin skupina, Sto igra vaznu ulogu u elektrostatickoj
adsorpciji kationa, vezanju vode i koherenciji Cestica tla, Sto sve zajedno tvori
odredenu strukturalnu stabilnost tla. Za mnoge je organske spojeve (npr. pesticide,
naftu) to glavna reaktivna faza u tlu. (10)

Mineralna frakcija tla sastoji se uglavnom od kvarca, drugih oksida, i glinenih
minerala. Kvarc, koji je glavni sastojak pjeskovitih tala, razmjerno je neaktivan, dok
oksidi primjerice Zeljeza, alumnija, mangana te glineni minerali tvore reaktivni dio.
Navedene se razlike u reaktivnosti mogu pripisati razlikama u specifiénim
povrSinama (s obzirom na veli€¢inu Cestica), kao i povrSinskoj napetosti spojeva o
kojima je rije€. Narav i veli¢ina elektricnoga naboja ostalih ¢estica oksida pod velikim
je utjecajem pH vrijednosti samoga sustava. (11)

Mikrobne zajednice u tlu

Mikrobna biomasa tla sastoji se od brojnih vrsta bakterija, virusa, miksomiceta i
vecih organizama tla, poput kvasaca, algi i protozoa. Mikroorganizmi osiguravaju
energiju oksidirajuéi biline i zivotinjske ostatke. Konac¢an rezultat mikrobne aktivnosti
je oslobadanje ugljika, duSika, fosfora, kalija i sumpora u oblicima dostupnim
bilkama koje su ovisne o hranjivim tvarima Sto ih stvaraju mikroorganizmi —
sustinska karika u ciklusu hrane i energije. Zbog viSe razloga, ta biomasa moze se
smatrati posebnim dijelom tla. Vrlo je osjetljiv pokazatelj promjena u tlu koje se
javljaju zbog razli¢itih nagina postupanja. Primjerice, pokazalo se kako dugotrajna
primjena gnojiva onecis¢enog metalima na poljopriviednom zemljiStu uvelike
smanjuje koli¢inu biomase (13). U tlu postoje trajne interakcije putem fizickih i
kemijskih procesa unutar abioticnoga dijela. StoviSe, postoji trajno medusobno
djelovanje izmedu biljnog i Zivotinjskog svijeta tla, kao i izmedu njegovih Zivih i
nezivih dijelova. Radi toga tlo predstavlja iznimno dinamic¢an i sloZen sustav.

Tablica 1: Fizicko-kemijske znacajke tla kao staniSta mikroorganizama

temperatura od -40 °C (Antarktik) do +65 °C (vruéa pustinja)
pH 2,5 -11.00 (vecina je tala blage kiselosti)

vodni potencijal od 0,0 - 0,99

slanost od 0,0 do zasi¢enja
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dostupnost kisika odgovarajuca, uz iznimku vodom natopljena tla
neorganske hranjive tvari dusik i fosfor €esto ograni¢avajudi

organska tvar sastoji se uglavnom od refraktornih humusnih tvari
pripadaju¢a povrsina velika koli¢ina anorganskih i organskih povrSina

Cimbenici koji utje éu na biorazgradnju kemijskih tvari u tlu

Hranjive tvari

Nedostatak hranjivih tvari, a ne samo oneciSéivaca — primjerice, C, N, P, K, S, i
elemenata u tragovima, mogu biti uzrokom slabe razgradljivosti nekog kemijskog
spoja.

Aerobno-anaerobni uvijeti

Veéina je oneciS¢ivaCa razgradljiva u aerobnim uvjetima, no mozZe doéi do
nedostatka odgovarajuéeg primatelja elektrona, ako ne i samog kisika. Postoje neki
klorirani organski spojevi koji su u anaerobnim uvjetima podloZniji biorazgradniji.
Sadrzaj vode u tlu

Voda je neophodna za rast mikroorganizama, pa ispod odredenog sadrZaja vlage u
tlu ne moZe doc¢i do biorazgradnje, a u tlu zasiéenom vodom prevladavaju anaerobni
uvjeti.

Tekstura i struktura tla

Razmjerni omijeri pijeska, gline i mulja, kao i raspored i organizacija Cestica tla
izravno utje€u na prolaz kisika i uglji¢nog dioksida do mjesta mikrobne aktivnosti i
natrag.

pH

Reakcije razli€itih vrsta tala mogu biti vrlo raznolike, ali je vecina njih donekle kisela.
Vecina bakterija posjeduje ograni¢enu toleranciju na kisele uvjete; gljivice su,
primjerice, u tom smislu otpornije, pa tako pH vrijednost tla nerijetko odreduje koja
vrsta mikroorganizama moze sudjelovati u biorazgradniji. (14)

Temperatura

Biorazgradnja se javlja u Sirokom rasponu temperatura tla. U vecini tala tijekom
barem jednog dijela godine prevladavaju uvjeti pogodni za mezofilne
mikroorganizme. Neka su istraZivanja pokazala kako su mikroorganizmi koji
razgraduju ugljikovodike izolirani iz naftom oneciSéenih tala na Aljasci mogli rasti na
temperaturi od 5C (15). Mezofilni mikroorganizmi n ajées¢éi su u svim tipovima tala
dok biorazgradnja nastupa pri vrijednostima iznad 20°C (npr. ugljikovodici) (16).
Razmjerno je malo podataka o termofilnim razgradivacima u tlu. Neke su termofilne
bakterije izolirane uzgojem na n-tetradekanu kao supstratu. (17)

Toksi éni spojevi

Ostali toksi¢ni spojevi koji se nalaze na lokalitetu a nisu podlozZni biorazgradnji mogu
sprijeciti djelovanje organizama koji razgraduju oneciScivac.

Topljivost
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Onecis¢iva¢ mora biti topljiv da bi bio dostupan mikroflori ali ako je u spoju sa
netopljivim tvarima biorazgradnja je otezana. Ako su svi navedeni Cimbenici
optimizirani, mozemo ocekivati da ¢e onecisS¢ivac biti uklonjen iz okoliSa. Medutim,
¢ak i u velikoj mjeri oneciS¢eno tlo ipak omogucuje rast velikom broju razli¢itih
mikroorganizama, od kojih ¢e neki ograniavati rast razgradivaca troSeci hranjive
tvari. Ravnoteza mikroflore na onecis¢enu tlu promijenit ¢e se u korist razgradivaca
onecisc¢ivéa koji ¢e tako tijekom razgradnje biti brojéano nadmoéni. Nestanak
oneciscivaca, koji je Cimbenik rasta za odredene vrste mikroorganizama, izmijenit ¢e
sastav mikrobne zajednice pa ¢e se njihov broj smanjivati kako se smanjuje koli¢ina
oneciscivaca. (18)

Vrste one €iS éenja tvarima koje su strane okoliSu (ksenobiotici)

Ksenobiotici predstavljaju Sirok spektar kemijskih spojeva ljudske proizvodnje
nastalih kao rezultat ljudske aktivnosti koji se unoSenjem u okoli§ akumuliraju u
koncentracijama koje izazivaju nepozeljne ucinke. (19) Njihova ksenobiotska narav
podrazumijeva strukture koje postoje¢i mikrobni enzimi za razgradnju ne
prepoznaju, zbog ¢&ega dolazi do njihove akumulacije u okoliSu. Mogu biti
transformirani biotickim i abiotiCkim procesima, Sto dovodi do promjena njihova
kemijskog stanja te naposljetku i do promjena njihove toksi¢nosti i reaktivnosti.
Stoga se toj sposobnosti mikroorganizama, da metaboliziraju ksenobiotike te ih
prevode u uglji€ni dioksid, vodu i mineralne elemente, posvetila velika pozornost kao
odredeni organizmi imaju veliku sposobnost bioakumulacije kemijskih spojeva iz
okoliSa na svim razinama prehrambenog lanca, Sto za posljedicu moze imati
biomagnifikaciju na viSim trofickim razinama prehrambenog lanca (20).

vode, koje sadrze fenolne spojeve i otapala, uglien i naftni derivati iz starih
postrojenja proizvodnje plina, namjerno oslobadanje pesticida u poljoprivredne
svrhe, propustanje kemikalija iz podzemnih spremnika i propuStanje u tlo iz
odlagaliSta otpada, namijerni ili sluajni izljevi nafte - mogu izazvati snazno
oneciscenije tla i podzemnih voda.

Mikrobni metabolizam ksenobiotika

Problemi u zastiti okoliSa vezani za organske kemikalije potakli su velik interes za
sposobnost mikroorganizama da metaboli¢ki razgraduju takve spojeve. Ve¢ je
desetljecima poznato kako su razli¢ite vrste mikroorganizama kadre metabolizirati
brojne organske spojeve koje je sintetizirao ¢ovjek (21). Tablica 2.

Tablica 2: Primjer nekih uobi¢ajenih toksi¢nih spojeva i mikroorganizama koji ih
metaboliziraju

KEMIKALIJE MIKROORGANIZMI
. fenolni spojevi Rhizoctonia praticola (22)
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p-krezol
aromatski ugljikovodci
mjeSavina policikli¢kih
aromatskih ugljikovodika
fluoranten (FA)
aromati
3-klorobenzoat
fenantren
etilbenzen
bifenili (arom.ugljikov.)
naftalen
pentaklorofenol(PCP)

toluen, benzen
izopropil N-fenil
karbamat

paration
pentaklorofenol (PCP)
kloroanilin
diklor-difenil-trikloretan (DDT)
poliklorirani bifenili
dibenzo(p)dioksini
policikli¢ki aromatski
ugljikovodici (PAH)

klorirani alkeni

Bioobnova tla

MikrobioloSka strategija dekontaminacije one

Trametes versicolor (23)
Pseudomonas aeruginosa UG2 (24,25)

Mycobacterium sp. (26,27)
Cunninghamella elegans (27)

Pseudomonas sp.B13 (28)
Pseudomonas sp.R (29)
Pseudomonas putida F1 (30)
Beijerinckia sp. (31)

Oscillatoria sp. JCM (32)
Arthrobacter ATCC33790 (33)
Pseudomonas (34)

mijeSana metanogena kultura (35)

Arthrobacter sp. (36)
Pseudomonas stutzeri (37)

(38)

(39)

Phanerochaete chrysosporium(40)
(41)

(42)

Aspergillus ochraceus
Cunninghamella elegans
Trametes versicolor
Phanerochaete chrysosporium
Saccharomyces cerevisiae (43)
Xanthobacter sp. (44)

€iSéenog zemljista

Uklanjanje onecis¢ivaca koji se pojavljuju u tlima zagadenim industrijskim otpadom
moze se postici izolacijom autohtonih mikroorganizama, njihovim uzgojem u velikim
koli€¢inama, eksperimentalnom optimizacijom fizicko-kemijskih ¢imbenika okolisa te
njihovim vra¢anjem u tlo. JoS jednu moguénost predstavlja manipuliranje fizi¢ko-
kemijskim odlikama tla u korist povecanja broja organizama koji razgraduju
ksenobiotike.
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Nafta i petrokemijski proizvodi predstavijaju naj¢eS¢e ksenobiotike, nerijetko vrlo
toksicne, koji mogu (5to €esto i jest slu€aj) onedistiti tlo i vodu za vrijeme skladiStenja
i obrade, prijevoza i ukrcavanja, prijenosa cjevovodima, autocisternama, vagonima-
cisternama, tankerima i zrakoplovima. Unato¢ svim poduzetim mjerama
predostroznosti, gotovo je neizbjezno da povremeno dolazi do oneciSéenja tla i
vode. U svrhu ucinkovite sanacije prolivene nafte, vrlo je vazno dobro poznavati
nacin Sirenja nafte i otopljenih sastojaka, hlapljenje, biorazgradnju, razrjedivanje,
ponasanje nafte u heterogenu tlu, u€inke nafte u tlu i podzemnim vodama.
Provedljivost bioobnove u cilju ¢&iS¢enja oneciSéenih lokaliteta zapocinje se
procjenom moguceg stupnja razgradnje zagadivaca. Navedena procjena ukljucuje
stupanj razgradnje, sposobnost postizanja potpune mineralizacije, kao i uvjete
okoliSa za mineralizaciju. Mineralizacija organskih tvari predstavlja potpunu
razgradnju kemijskih spojeva na njihove anorganske sastavne dijelove. Prikaz
potpune mineralizacije nekog spoja je teZzak te zahtijeva koriStenje radioaktivno
oznacenih supstrata i analize masa (45). Postoje izvjeSéa o potpunoj mineralizaciji
toksi¢nih organskih spojeva od strane Cistih kultura: primjerice pentaklorofenola
vrstom Pseudomonas. (34)

Oksidacija ne dovodi uvijek do mineralizacije, ve¢ moZe biti mnogo nusproizvoda
koji ujedno mogu biti i toksi¢niji od mati¢hog spoja.(46,47,48) Primjer za to je
posljedica mikrobne transformacije poliaromatskih ugljikovodika (PAH) prilikom koje
se stvaraju razli€iti spojevi uklju€ujuci trans-dihidrodiole, fenole i kinone, na ¢iju
toksiénost je neophodno ukazati. (49)

Prvi korak u analizi mjesta oneciSéenja jest provjera je li pogodno za postupak
bioobnove. To ukljuCuje anlizu tla, kemijsku i mikrobioloSku, kako bi se odredio
stupanj onecisS¢enja, vrstu tla, razinu hranjivih tvari te prisutnost mikroorganizama
koji su sposobni razgraditi toksi¢ne spojeve. Ako je malo autohtonih
mikroorganizama koji mogu razgraditi oneciSéivac¢ ili ih uopée nema, moze bhiti
neophodno nacijepiti (inokulirati) mjesto oneciS¢enja mikroorganizmima koji
razgraduju dotiénu kemijsku supstanciju. Jedino laboratorijska ispitivanja pruzaju
siguran uvid u metabolizam mikroorganizama jer se kao abioti¢ka kontrola uzimaju
sterilizirani pripravci. Navedena vrsta kontroliranih laboratorijskih ispitivanja
(koristenjem uzoraka iz okoliSa i pojedina¢nih mikrobnih kultura) pruzila je najveci
dio informacija kojima trenutano raspolazemo o genetskim (50), fizioloskim (51,52),
biokemijskim (53), kinetickim (54) aspektima i o aspektima okolisa (55,56) u
biorazgradnji organskih spojeva. Jednako se tako, ozna¢avanjem uzoraka atomom
ugljika, dokazuje kako je biorazgradnja bioloske naravi (57). Tlo se uzorkuje i ispituje
u cilju utvrdivanja parametara okoliSa za optimiziranje procesa biorazgradnje. Uzorci
se uzimaju periodi¢no kako bi se utvrdili razmjeri razgradnje. Potom se rezultati
mogu primijeniti na licu mjesta.

Dvije su osnovne moguénosti bioobnove tla: in situ i ex situ. Obje uklju€uju
bioloSke, kemijske i fizikalne mehanizme koji razaraju, imobiliziraju ili uklanjaju

kontrolirani kao u postupku ex situ. No, s obzirom na troSkove, logisticka pitanja i
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zakonske zahtjeve koji su vezani za postupak ex situ, in situ postupke moZzemo

smatrati priviatnom alternativom. Bioobnova in situ predstavlja bolje rjeSenje kroz

koje jednostavno prebacuju otpad iz jednog dijela okoliSa u drugi ili ga pak ostavljaju

na teret buduc¢im naraStajima.

Sedamdesetih je godina proSlog stolje¢a ova tehnika koriStena i patentirana za

ugljikovodike slu¢ajno ili namjerno ispustene u okolis. (58,59)

KoriStenje mikroorganizama podzemlja za razgradnju razliCitih oneciSéenja

podzemnih voda razvijeno je tijekom 1980-ih godina. (60)

Tipi €ne in situ tehnologije jesu:

- solidifikacija/stabilizacija(s/s),

- ekstrakcija prozracivanjem (SVE),

— bioobnova/bioprozracivanje (b/b),

- vitrifikacija,

— radiofrekventno zagrijavanje,

— ispiranje tla i ekstrakcija injektiranjem pare ili vru¢eg zraka.

Tri ¢imbenika kojima se provjerava izvodljivost postupka in situ su: ucinkovitost,

primjenjivost i troSkovi. Okvir za procjenu mogucnosti koriStenja postupka in situ

uklju€uje pet kategorija:

— hidrogeoloski rezim protoka (karakterizacija tokova tekuée i plinovite faze ispod
povrsine tla),

— zakonski propisi (drzavni ili lokalni),

— raspolozivo vrijeme obnove,

— logistika uklanjanja (oneciSéenje smjeSteno dublje od 1,5 m ili na prostoru
veéem od 1000 m® povecava jednako trodkove kao i sloZenost iskopavanja),

— uvjeti otpada (velika koli¢ina otpada ili niska koncentracija onecis¢ivaca).

Ako je oneciS¢enje ograni¢eno na 50 cm dubine, moze se primijeniti postupak

obrade kao pri odlaganju na tlo. Tlo se iskapa i skuplja u gomile u postupku

kompostiranja. Dodaju se hranjive tvari, podeSavaju pH i prozracivanje kako bi se

optimizirala bioobnova. Navedene su metode ucinkovite za naftne ugljikovodike,

poliklorirane bifenile, stiren, katrane i ugljikovodi¢na klorirana otapala (61). Tlo se

moZze tretirati u posebno izvedenim povrsinskim bioreaktorima u u kojima se inkubira

mjeSavina tla i aktivnog mulja. (62)

Sustavom cijevi dovodi se kisik i hranjive tvari do svake gomile zasti¢ene plasti¢nim

folijama kako bi se izbjeglo osipanje te zadrzala toplina za hladna vremena. Kontrola

i vodenje procesa bioobnove obavlja se optimizacijom protoka kisika, propusnosti,

homogenosti, sadrZzaja vlage, temperature, pH i dodavanje anorganskih hranjiva.

Tehnikom bioobnove na licu mjesta i na povrSini (povrSinske ¢elije) izbjegava se

prijevoz, a time i uza nj vezane opasnosti i troskovi, te se procjenjuje kako je upola

jeftinija od tretmana izvan samog lokaliteta. (63)
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PovrSinski tretman moze biti vrlo brz — primjerice 100 dana za tlo onecis¢eno
naftom.

Ako je one €iSéenje duboko

Prvi korak je procjena stanja lokaliteta i informacije o njemu. Proteklih je desetlje¢a
doSlo do ogromnoga razvoja tehnika uzimanja uzoraka tla i programske podrske za
podzemno Kkartiranje i modeliranje. Tako se primjenjuje oznacavanje tla,
rasporedivanje toCaka ispuha, Skropljenja i utiskivanja, odabir vodoravnih ili okomitih
buSotina, odredivanje dubina do koje buSotine valja ispitivati u svrhu uspjeSne
sanacije.

Kisik se moZe pokazati kao ograni¢avajuc¢i Cimbenik radi njegove slabe topljivosti u
vodi te kod sanacije in situ dotok kisika predstavlja kljuénu to¢ku. Ponekad se
preporu¢a vodikov peroksid, ali postoje problemi vezani uz njegovu visoku
toksi¢nost te reakciju sa sastavnicama tla pri ¢emu se stvaraju precipitati i mjehurici
koji onda blokiraju pore tla. Vodikov peroksid je takoder i skup u usporedbi s Cistim
kisikom (64). Ekstrakcijom prozradivanjem i uspostavljanjem vakuuma kroz
nezasic¢ena tla potic¢e se protok svjezega zraka ispod povrsine i tako osigurava kisik
potreban za bioobnovu.

Sve djelatnosti moraju biti pracene laboratorijskim ispitivanjima. Mjerenje, nadziranje
i podeSavanje kontrolnih parametara obavlja se u cilju optimizacije bioloSkog
procesa biorazgradnje, jer je za rast mikroorganizama nuzno odrzavanje
odgovarajucih uvjeta okoliSa. Razvijanje laboratorijskih metoda za pracenje putova
razgradnje ugljikovodika od velike je vaznosti, a promjena kemijske strukture
predstavlja neophodnu informaciju za procjenu stupnja biorazgradnje. (65,66,57,68)

Zastita podzemnih voda

Covjek raspolaze svega dvama tipovima izvora vode - povrSinskim izvorima
(jezerima, potocima, drenaznim podru¢jima koja vodu usmijeravaju ka prirodnim
spremnicima) i podzemnim izvorima (bunarima, vrelima, horizontalnim galerijama).
Navedeni izvori vode nisu uvijek odijeljeni, zbog hidraulicke medupovezanosti.
Suprotno uvrijezenom misljenju, tek manje od 3% raspoloZive teku¢e slatke vode
potjece iz potoka i jezera. ViSe od 97% je podzemnoga podrijetla te predstavlja vodu
u pricuvi. Sva voda koja se nalazi ispod povrSine zemlje ne moze se pridobiti uz
pomo¢ vodonosnih formacija u kojima se nalazi, no u svakom su slu¢aju raspoloZive
koli¢ine podzemnih voda daleko ve¢e od onih povrSinskih (69). Stoga je Cesto
otkrivanje oneciS¢enja podzemnih voda izazvalo zabrinutost oko zastite tih vrijednih
vodnih izvora.

Do onecis¢enja podzemnih voda dolazi radi pogreSnog spaljivanja otpada, krivog
odlaganja otpadnih voda, nepravilnog koristenja kemijskih poljoprivrednih sredstava,
slu€ajnih izljeva, namjernog ili slu¢ajnog odlaganja otpada na zemljiStu, curenja
podzemnih spremnika, itd. Brojni organski spojevi potje€u od naftnih proizvoda koji
su procurili ili se izlili u tlo. Proizvodnja, prijevoz i skladiStenje nafte i derivata
neizbjezno ukljucuje rizik nehoti¢nih izljeva. NajlakSe topljivi, a time ujedno i ekoloski
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najvazniji sastavni dijelovi nafte su nizi alkani i aromati. RavnoteZzne koncentracije
otopljenih aromata, benzena i toluena za sirovu naftu iznose oko 8 mg/l. (70).
Otopljeni onecisc¢ivadi koji potjecu od naftnih proizvoda putuju podzemnim vodama
brzinom sporijom od samih podzemnih voda. Ta se pojava obino naziva
geokemijskom retardacijom te se u slu€aju neionskih, nepolarnih organskih
sastavnih dijelova u tragovima poput BTEX-a (benzen, toluen, etilbenzen i ksilen)
obi¢no pripisuje sorpciji, dijeljenju organskih spojeva izmedu topljive i krute faze.
Organske tvari krute faze nastaju uglavnom dijeljenjem (topljivoS¢u). Slaba se
adsorpcija organskih spojeva na minerale tla u vodi pripisuje se snaznoj
kompetitivhoj adsorpciji vode na polarnim povrSinama anorganskih tvari. (71,72)
Iznad povrSine vodonosnog sloja nafta prolivena na povrsini tla ima tendenciju teci
okomito prema dolje, pod utjecajem sile teZze. (73) Po dolasku na povrSinu
vodonosnog sloja onecis¢ivac se Siri lateralno, dok istodobno nerijetko migrira dublje
u vodonosni sloj. Nafta se Siri takoder i radijalno kapilarnim silama u mrezi pornih
prostora izmedu Cestica tla. Stupanj lateralnog tijeka (kretanja) podzemnih voda u
pjeS€anim i Sljunkovitim vodonosnim slojevima obi¢no se kre¢e u rasponu izmedu
gotovo jednako brzo kao podzemne vode, dok se neki drugi opet kreéu sporije
poradi kemijskih interakcija s Cesticama tla u vodonosnom sloju. Osim fizickih
procesa, postoje takoder i oni kemijski i bioloSki koji utje€u na ponaSanje
onecisc¢ivaca u podzemnim vodotokovima.

Organski oneciS¢ivaéi mogu se transformirati u druge spojeve nizom iznimno
slozenih kemijskih reakcija kao Sto su hidroliza, oksidacija, itd. (75) i bioloSkim
transformacijama. Mikroorganizmi vezani uz krute povrSine unutar vodonosnih
Cestica osiguravaju energiju i hranjive tvari iz podzemnih voda koje teku pokraj njih
te, kada se njihov broj poveéa, mogu stvoriti biofiimove. Energija za rast crpi se iz
oksidacije organskih supstrata ili anorganskih spojeva, poput vodika ili reduciranih
oblika Zeljeza, dusSika ili sumpora.

Kada dode do izljeva nafte u otvorenom vodonosnom sloju, stupanj i razmijeri
biorazgradnje ugljikovodika ovisit ¢e o koncentraciji, kemijskom sastavu i fizikalnim
svojstvima ugljikovodika, autohtonoj mikrobnoj populaciji, fizikalnim uvjetima u
vodonosnom sloju, te dostupnosti hranjiva potrebnih za rast. Za sveobuhvatno i brzo
uklanjanje visokih koncentracija ugljikovodika potreban je molekularni kisik radi
opcenito oksidativne naravi mikrobne razgradnje ugljikovodika. Potreba za kisikom u
nalazi u podzemnim vodama. Dovoljnu koli¢inu kisika bakterijama moguce je
osigurati bilo putem buSotina bilo prirodnim procesima (76).

Zaklju €ak

Bioobnova predstavlja primjenu bioloSkog postupka u cilju ¢iSéenja opasnih
kemikalija. Ona zahtijeva kontrolu i manipulaciju mikrobnih procesa u povrSinskim
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reaktorima ili u podzemlju. Posljednjih je dvadeset godina bioobnova presla put od
nepoznate tehnologije do jedne od glavnih tehnologija sanacije. To se objaSnjava
nizim troSkovima bioobnove u usporedbi s tehnologijama poput, primjerice,
spaljivanja, a ujedno i €injenicom da ona uniStava vecéinu organskog otpada,
uklanjajuci time nepovoljne ucinke za okolis i zdravlje ljudi.

Opasni su spojevi otporni na razgradnju jer uvjeti okoliSa ne pogoduju djelovanju
mikroorganizama $to inace rezultira biokemijskom razgradnjom. Optimizacija uvjeta
okoliSa postize se putem razumijevanja bioloSkih nacela po kojima se navedeni
spojevi razgraduju, te utjecajem uvjeta okoliSa na mikroorganizme i njihove
katalizirane reakcije.

Znacajan postotak izljeva opasnih tvari ukljuéuje proizvode na osnovi nafte, hlapljivih
otapala, ili poliaromatskih ugljikovodika. Rasprostranjeno koristenje i skladiStenje
naftnih goriva ucinili su naftne ugljikovodike najéeSéim oneciSc¢ivacima tla i
podzemnih voda. OneciS¢enje naftom, neovisno o izvoru, nerijetko sadrzi znatne
mjeSavine ugljikovodika. Primjena bioobnove na naftne ugljikovodike nedvojbeno
predstavlja podrucje na kojem je doti¢na tehnologija najkompletnije razvijena. Danas
je nepobitna ¢injenica da bioobnova moZe na prihvatljiv nacin rieSavati problem
kemikalija u jednakoj mjeri kao i raspoloZive alternativhe tehnologije. Njezine su
dvije glavne prednosti pritom nizi troSkovi te moguénost primjene na licu mjesta.
Nedostatak bi se, medutim, mogao nalaziti u vaznosti znanstvenog intenziteta
osmiSljavanja i provodenja bioobnove.

Bioobnova u cijelosti ostaje podrucje obiljeZzeno brzim napretkom: brojne tehnologije
koje se mogu primijeniti na lokalitete oneciS¢ene naftnim ugljikovodicima danas su
komercijalno dostupne i primjenjuju se na tisu¢ama lokaliteta.

SOIL POLLUTION WITH PETROLEUM
HYDROCARBONS - BIOREMEDIATION:
POTENTIALITY AND PRACTICE

Abstract

Increasing realizations on irreversible and long-term impacts
of pollution on impairing soil and sediments quality and potable
water reserves has had an increasing impact on research and
policy of environmental management over the past twenty years.
The introduction of anthropogenic, harmful and noxious chemical
compounds into soil has had a serious impact on various areas
of human activities, from agriculture, potable water supply, urban
planning, to resource management.
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Soil is an equally endangered ecosystem as air and water,
which is why some developed countries have already twenty
years ago passed laws on the preservation of the quality of soil,
and hence also of underground waters. Pollution causes of soil
and underground waters are: improperly buried waste, bad
solutions for wastewater flows, improper use of chemicals in
agriculture, accidental spills caused by neglect, overuse of
underground waters, disposal of sanitary waste into the ground,
disposal of industrial waste sludge, leakage from industrial
wastewater basins, leakage from fuel reservoirs in storage areas,
etc.

Hydrocarbons are a frequent cause of environmental
pollution, which is why the oil and petrochemical industries have
a great responsibility for resolving environmental protection
problems. The industry of developed countries has already in the
60s started research in co-operation with scientific institutions for
the purpose of resolving the issue of environmental pollution by
oil hydrocarbons.

The aim of the paper is to present how biological processes
as base for many useful technologies could be used as
economically justified and efficacious procedure for soil and
groundwater decontamination in case of hazardous pollution,
particularly with petroleum hydrocarbons.

Introduction

The complexity of the soil and sediment system and its processes cannot be tackled
properly unless scientists from different disciplines work together. So, accordingly a
number of multidisciplinary soil research programmes have been started in various
countries. Besides, in European countries, in last decade is noticed ever growing
awareness of necessity to integrate knowledge from different branches of science,
policymakers and industry so the soil as an ecosystem can be managed properly.
Input of pollutants in the soil has serious consequence in different area of human
needs and activities such as agriculture, land use, groundwater and drinking water
supply, town and country planning or nature management. There is the necessity for
law policy especially to protect the soil and that kind of regulations for water and air
quality and for waste treatment that provide indirect protection of soil and ground
water.

In Croatia, the situation is far more serious and difficult after heavy shelling and
destruction of cities and industrial area during the war. On different parts of the state
refineries, chemical factories, transformers/condensers, ammunition stores were
shelled and since 1991 many dangerous chemicals (PAHs, PCBs, pesticides,
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petroleum oils, heavy metals) are leaking thorough soil to underground rivers
contaminating essential water resources and potential agriculture land.

Bioremediation

Bioremediation is the process in which the xenobiotics introduced into environment
are being transformed to a less toxic or innocuous form, or mineralised to inorganic
(e.g. carbon dioxide and water). This process is based on the capability of
microorganisms to use different chemicals as the source of energy and humankind
is frequently exploiting it. In fact, they are the basis of conventional engineering
techniques for wastewater treatment. Biodegradation processes often will
completely destroy or mineralise (conversion of an organic molecule into its
inorganic constituents) organic compounds.

Biological processes have been used for many centuries for bread, wine and beer
production to typical food production such as cheese, yoghurt, soy sauce or alcohol.
Microbial processes produce many industrial chemicals including organic acids,
solvents, polymers, specialized enzymes, and insecticides. Many medical products
are produced by biological processes including antibiotics, steroids, and genetically
engineered anticancer compounds. Economics is moativation for application
biological processes in food, drugs and chemical production. Economics is also
motivation for the use biological processes to treat hazardous waste what began in
late 1960s and early 1970s.

There is little difference between the design principles of wastewater biological
processes and those for bioremediation of hazardous chemicals. Biological
processes are catalysed chemical processes. Bioremediation uses a catalyst
(enzyme) that is supplied by microorganisms to catalyse the destruction of a specific
hazardous compound. Because of environment complexities process design and
operation for bioremediation must be undertaken with complete knowledge of the
chemical reactions and biological principles involved. Certain chemicals can
accumulate in the environment to the levels that threaten human health or
environmental quality. Before mid -1960s it has been thought that microorganisms
could degrade all compounds that entered the environment. The lesson of DDT
widely used pesticide resistant to microbial attack and its solubility in lipids led to its
bioaccumulation in organisms at higher levels of ecological food webs (1, 2). On the
other hand enormous natural capacity of microorganisms to degrade organic
compounds is the basis for bioremediation that also has limitations that must being
recognised when considering its use. Specially in situ biodegradation processes are
gaining attention because of the role that microorganisms may play in alleviating
environmental pollution. (3, 4).

Biodegradation - biotransformation which causes simplification of an organic
compounds structure by breaking intramolecular bonds - is frequently exploited in
conventional engineering technique for wastewater treatment (5). Simplification via
biodegradation may be subtle, involving merely a substituent functional group, or
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severe, which will completely destroy or mineralise organic compound (conversion
of an organic molecule into its inorganic constituents e.g. CO,,S0O4--, POy4---, H20
(6). High concentrations of persistent organic compounds found in organisms,
especially those present in the higher levels of food chains and toxicity associated
with these chemicals usually led to public disquiet (7).

The bioremediation processes are being carried out through either aerobic or
anaerobic pathways by indigenous heterotrophs or by especially engineered
organisms. For some xenobiotics the process, can also be carried out by
cometabolic process, which use another compound as the carbon source. (8)

Composition of soil

Soil is the complex mixture of more or less finely divided rock particles, moisture air
organic matter, bacteria, insects and other small animal species (9). The non-living
or abiotic part of soil consists of three components: a gaseous, a liquid and a solid
phase. Cavities of different shapes and sizes occur in between the solid particles,
together consisting the pore space. The part of total soil volume that is occupied by
pores may wary widely and is related to the type of soil (sandy, clay or peat soils).
The pores contain soil gas and soil moisture that are mobile and the relative
contribution of gas and liquids are continuously changing as influenced by
precipitation and evapotranspiration (10).

The soil gaseous phase in principle has the same composition as the atmosphere.
Consumption of oxygen and production of carbon dioxide occur as the result of
microbial activities and root respiration. In the upper part of soil, air and water are
usually found simultaneously.

The soil solid phase may according to its composition, be divided in an organic and
mineral fraction. The organic fraction predominantly results from plant material and
mainly consists of living plant (roots), dead plant material in different stages of
decomposition - humic substances. These humic compounds contain large numbers
of electric negatively charged reactive groups, which plays an important role in the
electrostatic adsorption of cations, the bonding of water and the coherence of soil
particles resulting in a certain structural stability of soil. For many organic
compounds (e.g. pesticides, oil) it is the main reactive phase in soil (10).

The mineral fraction of soil is mainly composed of quartz, other oxides, and clay
minerals. The quartz, which is the dominant constituent in sandy soils, is relatively
inactive whereas oxides of e.g. iron, aluminium and manganese and clay minerals
are the reactive part. These differences in reactivity can being attribute to
differences in specific surface area (as related to particle size) and surface charge
density of the compounds involved. The nature and magnitude of the electric charge
of other oxide particles are greatly influenced by the pH value of the system (11).
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Microbial communities of soil

The soil microbial biomass consist of many species of bacteria, viruses,
myxomycetes (slime fungi) and larger soil organisms such as yeast, algae and
protozoa. The microorganisms derive their energy by oxidising plant and animal
residues. The final result of microbial activity is the liberation of carbon, nitrogen,
phosphorus, potassium and sulphur in forms available to plants which are
dependent upon nutrients made by microorganisms - essential link in the cycle of
food and energy in nature (12). Although each species has a particular role in soil,
for many purposes the biomass can be considered as a single compartment. The
biomass is a sensitive indicator of changes in soil due to changing management
practices. For example, long term application of metal contaminated sewage- sludge
to agricultural land had being shown to reduce the size of the biomass considerably
(13). In soil continuous interactions exist via physical and chemical processes within
the abiotic part. Moreover, there is a lasting interplay between the soil biota, and
between the living and non-living components of soil. This makes the soil an
extremely dynamic and complex system.

Table 1: Physicochemical characteristics of soil as microbial habitat

temperature from -40 °C (Antarctic) to +65 °C (hot desert)

pH 2, 5 -11.00 (most soils are slightly acidic)

water potential from 0.0 - 0,99

salinity from 0.0 to salt saturation

oxygen availability adequately oxygenated except waterlogged soil
inorganic nutrients N and P frequently limiting

organic matter consisting mostly of refractory humic substances
attachment surfaces great abundance of inorganic and organic surfaces

Factors that influence biodegradation in soll

Nutrients

Lack of nutrients, other than pollutant, e. g. C, N, P, K, S and trace elements may be
the cause of low degradability of pollutant.

Aerobic-anaerobic conditions

Majority of pollutants are degradable in aerobic conditions, but there may be an
absence of a suitable electron acceptor, if not oxygen. There are certain chlorinated
organic compounds where anaerobic conditions are more conductive to
biodegradation.

Soil water content

Water is essential for microbial growth however, so below certain moisture levels no
biodegradation may occur but in waterlogged soil, anaerobic conditions will prevail.
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Soil texture and structure

The relative proportions of sand, clay and silt and the arrangement and organisation
of the soil particles will directly influence the passage of oxygen and carbon dioxide
to and from the sites of microbial activity.

pH
Soil reaction of various soils encompasses a wide range, but most of them are
somewhat acidic. Most bacteria have limited tolerance for acidic conditions; fungi

are more resistant consequently, the soil pH will often determine what type of
microorganisms can participate in biodegradation (14).

Temperature

Biodegradation occurs at a wide range of soil temperatures. In most soils conditions
favourable for mesophilic microorganisms prevail during at least a part of the year.
Some investigations showed that hydrocarbon-degrading microorganisms isolated
from oil-contaminated soils in Alaska were able to grow at 5 °C (15). Mesophilic
microorganisms are the most common in all types of soils and biodegradation
occurs at rates above 20 °C (i.e. hydrocarbons) (16). Relatively little information
exists on termophilic degraders in soil. Some termophilic bacteria have being
isolated growing on n-tetradecane as growth substrate. (17).

Toxic compounds

Other toxic compounds at the site not amenable to biodegradation may inhibit the
activity of the pollutant-degrading organisms.

Solubility

Pollutant has to be soluble to be valuable to the microflora. Problems also occur if it
is complexed with insoluble materials. If all above factors are being optimised we
may expect removing of the pollutant from the environment. Even highly
contaminated soil however supports a wide range of microorganisms, some of which
will compete with pollutant degraders for nutrients and limit their growth. Balance of
microflora on polluted site will change in the favour of pollutant degraders which in
number will prevail. Disappearing of pollutant (growth factor) will change the
composition of microbial community and number of specific degraders will decrease.
(18)

Types of xenobiotic pollution

Xenobiotics are wide variety of compounds made by man, introduced into
environment in concentrations that cause undesirable effect. (19) Their xenobiotic
character meant that their structures are not easily being recognised by existing
degradative enzymes and as a result they accumulate in the environment. They can
be transformed as a result of the biotic and abiotic processes, leading to changes in
their chemical state and ultimately in their toxicity and reactivity. Therefore, microbial
ability to metabolise xenobiotic compounds and to transform them to carbon dioxide,
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water and mineral elements have received much attention as a cost effective
method of removing these pollutants from the environment. On the other hand
certain organisms have great ability for bioaccumulation of chemical compounds
from their environment on every level of food chain what could have as a
consequence biomagnification on higher trophic levels of food chain. (20)

There are many different ways how pollutants my enter environment. Industrial
effluents, which contain phenolic compounds and solvents, coal and oil derivatives
from old gas manufacturing plants, deliberate release of pesticides for agricultural
purposes, leakage of compounds from underground storage tanks and leachates
from landfill sites, deliberate or accidental oil spills can all cause severe soil and
groundwater pollution.

Microbial metabolism of xenobiotics

Environmental problems associated with organic chemicals stimulated great interest
in the ability of microorganisms to metabolise them. It is known for decades that a
wide variety of microorganisms are capable of metabolising many of the organic
chemicals synthesised by man (21).Table 2.

Table 2: Example of some common toxic chemicals and the microorganisms that
metabolise them

CHEMICALS MICROORGANISM

- phenolic compounds Rhizoctonia praticola (22)

. p-cresol Trametes versicolor (23)

« aromatic hydrocarbon Pseudomonas aeruginosa UG2 (24,25)

«  mixture PAHs Mycobacterium sp. (26,27)

« fluoranthene(FA) Cunninghamella elegans (27)

« aromatics
3-chlorobenzoate Pseudomonas sp.B13 (28)
phenantrene Pseudomonas sp.R (29)
ethylbenzene Pseudomonas putida F1 (30)
biphenyl (arom.hydroc.) Beijerinckia sp. (31)
naphtalene Oscillatoria sp.JCM (32)
pentachlorophenol (PCP) ArthrobacterATCC33790 (33)

Pseudomonas (34)

. toluene, benzene mixed methanogenic culture (35)

« isopropyl N-phenyl

« carbamate Arthrobacter sp. (36)

«  parathion Pseudomonas stutzeri (37)

- pentachlorophenol (PCP) (38)
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«  chloroaniline (39)
. DDT Phanerochaete chrysosporium (40)
- Polychlorinated biphenyls (42)
. dibenzo(p)dioxins (42)

«  polycyclic aromatic hydrocarbons (PAHS)  Aspergillus ochraceus
Cunninghamela elegans
Cunninghamela echinulata
Trametes versicolor
Phanerochaete chrysosporium
Saccharomyces cerevisiae (43)
«  chlorinated alkenes Xanthobacter (44)

Soil bioremediation

Microbiological strategy for the decontamination of polluted land

Removal of contaminants occurring in land polluted by industrial waste may being
effect by isolation of indigenous microorganisms capable of their decomposition,
growing them in large numbers, experimental optimisation of physicochemical
environmental factors and reinoculating them into the soil. Another possibility is
manipulating the physicochemical characteristics of the soil to favour the
proliferation of pollutant-degrading organisms.

Petroleum and petrochemicals are most common xenobiotics often highly toxic,
which could (and do) contaminate soil and water during storage and processing,
transfer and loading, transportation in pipelines, road tank trucks, rail tank wagons,
tankers and aircrafts. Despite all precautions that are taken, it is almost inevitable
that contamination of soil and water will occasionally occur. For the effective clean-
up operations after an oil spill it is very important to have a thorough knowledge of
the spreading of oil, spreading of dissolved components, fate of dissolved
components, evaporation, biodegradation, dilution, behaviour of oil in
heterogeneous soil, effects of oil in soil or groundwater.

The feasibility of bioremediation for cleanup of contaminated sites starts with
assessment of the degradation potential of the contaminants. This assessment
includes the ratio of degradation, the ability to achieve total mineralization, as well as
the environmental conditions for mineralization. Mineralization of organics is the
complete breakdown of the chemicals to its mineral constituents. The demonstration
of complete mineralisation of a compound is difficult and requires the use of
radiolabelled substrates and mass balance analyses. (45) There are reports of the
complete mineralization of toxic organic chemicals by pure cultures, e.g.
pentachlorophenol by a Pseudomonas species (34)

Oxidation is not always leading to mineralization, there could be many intermediates
or sideproducts that also could be more toxic than the parent compound. (46,47,48)
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The example for this is the result of microbial transformation of PAHs where various
products including trans-dihydrodiols, phenols and quinones are formed and it is
essential that toxicity of these compounds be elucidated. (49)

First step is analysing the site thoroughly to see if the site is suitable for
bioremediation operation. These include chemical, soil and microbial analysis to
determine levels of pollutant present, soil types, nutrient levels and presence of
microorganisms that are capable of degrading the toxic compounds. If there are few
or no indigenous microorganisms capable of degradation the pollutants it may be
necessary to inoculate the site with known degraders.

Only laboratory assays provide definitive evidence for microbial metabolism because
sterilised treatments can being examined as abiotic controls. This type of controlled
laboratory experiments (using environmental samples and individual microbial
cultures) provide the majority of information presently available on genetic (50)
physiological (51,52) biochemical (53), kinetic (54) / and ecological aspects (55,56)
of the biodegradation of organic compounds. Also, by labelling the samples with a
single C atom has been shown that degradation appears to be of biological nature
(57). Soil samples had to be taken and examined to determine environmental
conditions for optimal biodegradation Samples are being taken periodically to
determine the extent of degradation. Than the results can be initiated at the field.

There are two basic possibilities for soil bioremediation: in situ and ex situ. Both
include biological, chemical and physical mechanisms that destroy, immobilise or
remove contaminants. However, conditions in the subsurface will never be as
controlled as in an ex situ process. But the costs, logistical concerns and regulatory
requirement associated with excavation, ex situ treatment and disposal can make in
situ treatment an attractive alternative. In situ bioremediation offer a better solution
through partial or complete destruction of the contaminants in contrast to many
remedial techniques that simply transfer the waste from one part of the environment
to another or as the burden to future generations. In the 1970's technique was used
and patented for hydrocarbon accidentally or purposefully spilled into the
environment. (58,59) Use of subsurface microorganisms to degrade a variety of
groundwater contaminants evolved in the 1980s (60).

Typical in situ technologies are:

— solidification/stabilisation (s/s),

— soil vapour extraction (SVE),

— bioremediation/bioventing (b/b),

- vitrification,

- radiofrequency heating,

- soil flushing and steam or hot air injection/extraction.

Three feasibility screening criteria for in situ treatment are: effectiveness, implement
ability and costs. Overall frameworks for evaluating the potential for using in situ
treatment include five categories:

28 gorivai mazva, 44, 1 : 9-34, 2005.



V. Bobi¢ Oneciscenije tla...

— Hydrogeologic flow regime (characterises the gas and liquid flow in the
subsurface).

— Regulatory standards (state or local).
— Time available for remediation.

— Removal logistics (contamination located deeper than 1.5 m or occupying
volume of more than 1000 m® increases both the cost and the complexity of
excavation).

— Waste conditions (large volume of waste or low contaminant concentrations).

If the contamination is limited on 50 cm of top soil land farming treatment could
being apply. Soil could be excavated and piled into heaps in a composting process.
Nutrients are being added and soil pH and aeration altered (controlled) to optimise
bioremediation. These methods are successful for petroleum hydrocarbons, PCP,
styrene, tars and chlorinated hydrocarbons solvents (61) Soil could being treated in
especially structured surface bioreactors where after soil excavation, soil/slurry
mixture is being incubated in the reactor.(62)

Manifold piping brings oxygen and nutrients to each pile protected with plastic sheet
for preventing runoff and trapping heat during cold weather. Optimising oxygen flow,
permeability, homogeneity, moisture content, temperature, pH and inorganic nutrient
addition should be controlled to maintenance bioremediation process. Onsite
aboveground bioremediation technique (aboveground cells) avoids transportation
and liability and is expected to cost half as much as offsite treatment (63)

Aboveground treatment can be very rapid -100 days for e.g. petroleum -
contaminated soil.

If contamination is deep

First step to success is site assessment and site information's. In the last decade
there is enormous development of field sampling techniques and software tools for
subsurface mapping and modelling. Site information's: spacing of vent, sparge and
injection points, choice of either horizontal or vertical wells, depth to which wells
should be screened for successful remediation.

Oxygen may be limiting factor due his low solubility on water and for in situ
remediation oxygen delivery is the critical factor. Hydrogen peroxide is sometime
recommended but there are problems with high toxicity, reaction with soail
constituents to produce precipitates and bubble formation which blocks soil pores.
Hydrogen peroxide is also expensive in comparison with pure oxygen (64). Soil
vapour extraction, drawing a vacuum through unsaturated soils promotes the flow of
fresh air into the subsurface and supplies oxygen to support bioremediation.

All activities must be followed by laboratory assays. Bioprocess control parameters
can be measured and manipulated for optimisation because of proper environmental
conditions must be maintained for growth of the organisms. Developing laboratory
methods for screening of hydrocarbons degradation pathways is of considerable
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importance and change of chemical structure is necessary information in estimation
of the biodegradation degree (65,66,57,68)

Groundwater protection

There are but two sources of water supply available to man - surface sources (lakes,
streams, drainage areas which funnel Water toward holding reservoirs) and ground
sources (wells, springs, and horizontal galleries).These water sources are not
always separate, because of hydraulic interconnections. Contrary to current opinion
less than 3% of the fluid fresh water available occurs in streams and lakes. More
than 97% is underground and represent water in storage. Not all the water beneath
the earth’s surface can be recovered from the water- bearing formations in which is
found, but anyway the available supply of ground water is many times grater than
available supply of surface water (69).Frequent discoveries of groundwater
contamination had as a consequence the growing concern over protection of these
valuable water sources.

Groundwater contamination stems from improperly buried wastes, poor effluent
disposal practices, improper use of agricultural chemicals, accidental spillages,
intentional or purpose disposal of wastes on land, leaking of underground tanks etc.
Many organic compounds are derived from petroleum products that have leaked or
spilled into the ground. The production, transportation, and storage of petroleum
inevitably involve the risks of accidental spills. The most soluble, and thus the most
environmentally important constituents of oils, are the lower alkanes and aromatics.
The equilibrium concentrations of dissolved aromatics, benzene and toluene for
crude oils are reported to be about 8 mg/l. (70).

Dissolved contaminants derived from petroleum products travel in groundwater at a
velocity less than that of the groundwater. This phenomenon is usually referred to as
geochemical retardation and in the case of nonionic, nonpolar trace organic
constituents such as BTEX (benzene, toluene, ethylbenzene, and xylene) is
generally attributed to sorption, a partitioning of the organic compounds between the
solution and solid phase. Solid phase organic matter occurs essentially by partition
(solubility). The weak adsorption of organic compounds by soil minerals in water is
attributed to the strong competitive adsorption of water on polar mineral surfaces.
(71,72) Above the water table oil spilled at the ground surface is encouraged to flow
vertically downwards under gravity. (73) After arrival at the water table, contaminant
spread laterally and at the same time often migrate deeper in the aquifer. The oil is
also spreading out radially under capillary forces in the network of pore spaces
between the grains of soil. Lateral rates of groundwater flow in sand and gravel
aquifers are generally in the range of 0, 1 to 3 m per day. (74) Many petroleum
derived contaminants travel as fast or nearly as fast as the groundwater, whereas
other petroleum derived contaminants move at slower rate because of chemical
interactions with soil particles in the aquifer. There are except physical processes,
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chemical and biological processes too which influence contaminants behaviour in
the underground.

Organic contaminant can be transformed into other compound by extraordinarily
complex set of chemical reactions - hydrolysis, oxidation (75) and by biological
transformations. Microorganisms attached to solid surfaces within the aquifer can
transform certain organic contaminants. The attached bacteria obtain energy and
nutrients from groundwater flowing by and may form biofilms as their number
increase. Energy for growth is obtained from oxidation of organic substrates or
inorganic compounds, such as hydrogen or reduced forms of iron, nitrogen or
sulphur.

When considering a petroleum spill in an unconfined aquifer, the rate and extent of
hydrocarbon biodegradation will depend on the concentration, chemical structure
and physical properties of the hydrocarbons, the indigenous microbial population,
the physical conditions in the aquifer, and the availability of the constituents required
for growth. For extensive and rapid removal of high concentrations of hydrocarbons
molecular oxygen is required because of generally oxidative nature of microbial
hydrocarbon degradation. The oxygen demand in the vicinity of hydrocarbon spills is
greater than can be supplied by the dissolved oxygen naturally present in
groundwater. Sufficient oxygen may be provided to the bacteria either thorough
wells or through natural processes. (76)

Conclusion

Bioremediation is the application of biological treatment to the cleanup of hazardous
chemicals. It requires the control and manipulation of microbial processes in surface
reactors or in the subsurface. Within the last twenty years bioremediation has grown
from an unknown technology to one of the major treatment technologies. The basis
for this growth is bioremediation’s lower cost than technologies such as incineration
and because it destroys most organic wastes, eliminating health and ecological
effects.

Hazardous compounds persist because environmental conditions are not
appropriate for the microbial activity that results in biochemical degradation. The
optimisation of environmental conditions is achieved by understanding the biological
principles under which these compounds are degraded, and the effect of
environmental conditions on microorganisms and their catalysed reactions.

A significant percentage of hazardous spills are petroleum-based, volatile solvent-
based, or consist of PAHs. The widespread usage and storage of petroleum fuels
has made petroleum hydrocarbons the most prevalent soil and groundwater
contaminant. Petroleum contamination, regardless of its source, frequently contains
large mixture of hydrocarbons. The application of bioremediation to petroleum
hydrocarbons is undoubtedly the field in which the technology is most completely
developed. Today, unquestionable fact is that bioremediation can treat chemicals to
acceptable levels as frequently as alternate technologies. Two major advantages
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are lower capital costs and the ability to perform task on site. Disadvantage may be
importance of scientific intensity of bioremediation design and operation.
Bioremediation as a whole remains a rapidly advancing field, and many technologies
that can be applied to sites contaminated with petroleum hydrocarbons are now
commercially available and have been applied to thousands of sites.
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