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Of the 365 sites classified by the Q u a e c  Kinistry of 

the Environment in 1984 and 1985 as contaminated, 62 are 

considered hazardous. The site chosen for this study is one of 

these 62 sites, and is locgted in the Mascouche municipality 

north of the city of Montreal. Site records indicate that it was 

used as a solid waste dump during the 1950s  and 1960s .  The 

northern side of the site was used as a dumping ground for 

semiliquid vastes from the Montreal refineries. 

In 1 9 6 9 ,  permission was received to operate an 

incinerator for liquid wastes from the petroleum refineries. 

Rowever, it was discovered that after a year of operation the 

incinerator did not perfors well and spilled liquid wastes into 

the surrounding soil. In 1 9 7 4 ,  the incinerator was shut down and 

all operations ceased. In addition to the incinerator,. two open- 

air storage basins and nuserous solid waste deposits occupy the 

present site. The two open-air concrete basins on the site 

originally contained a total of 660 m3 of liquid petroleum 

wastes. These basins were fissured at several places and 

consequently leaked liquid petroleum vastes into the qroundnter. 

In periods of heavy rain, the basins overflowed onto the 

surrounding soil terrain. In 1 9 8 6 ,  the liquid waste inside the 

basins was tranferred into large metal contairrers and left on 

site, and the basins and tae incinerator were then covered with 

sand. 

The site, vhich occupies an area of approximately a0 

hectares, is mainly flat. xith a few marsh-like areas. The first 
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Prcwnt in siru chemical treatment ~echnologia for mitigation of pNoleum hydrocarbon contamination are in the 
dcvdopmaual nage or king t a d .  To doiw effiacnt makgia for rsnjaing the movement of pcvoleum hydrocarban 
(PHC) m o l d a  in the contaminated soil. it is proposed to ulilia the sorption-interamion relatiomhips bctwecn the 
m l c u m  conlaminants and rhe soil subsme.  The basic auationr addrased in lhir mar are as follows (i) What 
&c the prominent chemical constitucnrr of the various pcu~leum fraaionr rhat int&h.lth the roil subst&? (d) 
What are the functional m u p s  of  a roil lha interaa wnh the contaminants? (11;) What are the bonding mechanisms 
pon~blc knveen the roil funciional groups and the PHC contaminanu? (iv) W h t  are the mawqumt chkgcs brought 
about the soil physical p m p n i a  on inLaaclion with PHC's? (v)  What are the faaors influencing the intuaniom 
ktwccn PHC molccula and clay oarticla of the soil substrate? (vi) What is the wssibiliw of im~mvinn the soil's 
anenuarion ability for PHC's?  development of a m w m  to the ba& questions r&l tha~pcfrole~m hy&ccarbom 
comprise a mimrre of nonwlar alkana and mrnaric and wlycvclic hydmcarbom, that have limited rolubiiryin watcr. . . .  
h he-banding mechanism ' k w m  the nonpolar PHC's and the clay surface is by way of van dcr Waah attraction. 
The adsorption of the nonpolar hydrocarbom by the day d a a  arurs only whcn their 13.e.. the hydrocarbon molecula) 
solubiliw in warn is exceeded and the hvdrocarbons cdst in the miallar form. Dilute solutions of hvdrocat.bons in 
watcr. i.;.. conccnWons of hydro&bok at or k low the solubility limit. haw no e f f m  on the hydrauiic conduaivity 
of clay roils. Permeation wirh pure hvdrocarbom invKiablv influences the clay hydraulic conductivity. To imorove 
the ancnuation ability of soils t o k s  PHC'S, it is proposed to 0x1 the soil nrrf& 4 t h  "ulha" heavy or& p o l ~ e r r .  
Adsorption of organic polymm by the clay surfaa may chame the surfaa propcrtia of the soil from highly hydrophilic 
(having alfmity for water molrmla) to organophilic (having affmity for organic molsules). The organic polymers 
attached to the clay surfaa  arc upmed to attenuate the PHC m o l m l a  by van der Waals amaction. by hydrogen 
bonding, and air0 by adsorption into interlayer space in the cax of soils containing swelling clays. 

Key w o r k  paroleurn hydrocarbons (PHC's), bonding mechanism. functional goups. PHC-soil interaction. 
permealion, hydraulic conductivity. amnuation, van der Waals. organic pdymers. organophilic. . 

L a  tcchnologia aauella dc uaitement chimique pour diminuer la contamination a u  hydrocarbwa du piuole sont 
au state du diveloppement ou praentunent tat&. Afin de concevoir d a  s u a t ~ c s  efficaces pour rcrtreindre le 
rnouvcmmt da molkula  dcr hvdrocarbura de DCtrolc WCP) dam le sol comamint. I'on o r o w v  I'utihtion d a  , . . 
rckdonr sorption-intaaaion cnue l a  mntaminants de &ole ef le sous-sol. La quatiom fondamenlala qui son1 
t r a i k  dam le ~ r a e n t  article son1 (1) Ouels sont l a  ~rincioaux mnstituanu ehimiaua d a  diversa fractions du &role . .  . 
qui rtagiswnt a k  le sour-sol? (ii) Quels sont la &ou& fonnionoels d'un sol qk r&gkat avec l a  mn&ts? 
(iii) Quek sent l a  mtcanisma ponibla de liaison enuc l a  m u p e r  fondomcls du sol n la conlaminants HCP? 
(ivl Ouella soot l a  condoucnces sur I'fnteradon a v s  l a  HCP d a  channemcnls a n w n b  aux Drooridk nhvsioua ~~~ ~~ ~~ ~~ -~ - . . . . P . .  

d&&? (v) ~ u e h  sont la faaeurs qui influenccnt les interactions entre la molkula  de HCP et In panicula du 
s o u ~ o l ?  ( vi) Ouelle a t  la msdbilitt d'amtliorer la wpaciti au'a un sol d'attmuer l a  eflets des HCP? L'claboration . . .  
de rcponsa auxquations londamenlales rWle  que lcrhydro&bura de pttrolc comprennent un melange d'hydrocar- 
burn non polaira. alkana. aromatiqua ef polycycliqm qui on1 une solubiltc limit& dam I'eau. Le mccanisme de 
liens entre les HCP non pohirn ct la surfaa de I'argilc x lait par I'intermidoaire de I'atuaaion de van d u  Waals. 
L'adrorption d a  hydrocarburcs A la surlaa de I'argile x produit reulunent lorsquc la solubilitt dam I'eau d a  molkula 
d'hydroerburc st dbarrte ef aue l a  hydrocarbum aistcnt sous la forme m i d h e .  Des solutions dilum d'hvdrocar- 
bur& dam I'uu, i.e: d a  eon&trarions d'hydrocarbura ou sous la limite dc solubilitt, n'ont au- cff& sur la 
mnduaivitt d a  sols d e u x .  La prmkcion d'hydrocarbura pun influma invariablemmt la a n d u e h i t i  hydraulique 
dc I'arnile. Pow amtfiorer la caoacitc du sol d'auaucr l a  elf& d a  HCP. I'on D~ODOSC de recounir la m r f a a  du - 
sol avct d a  polymkra organiq&s ultralowds. L'adsorption d a  polym&& h la surface dc I'argile peut 
c h a n ~ a  l a  omri i l t s  de surface du rol d'un irat forlunmt hvdroohile (avant une a f f i t i  w w  I'eau) a un orranwhile - .  
(ayait m e  afr& pow l a  rnolkula organiqua). L'on ,'ahend a a qiue la polyrn&aorganiqua attaches d la surfaa 
de I 'xg~le anhurnt  I'ellet dc\ rnoltcules de HCP par I'atuaction de van der Wa~ls .  par la liens d'hydro~ene. ef aus i  
par l'adrorption dam l a  a p a m  intersoucha d& le car de sols contenant dcs a&la gonflanta. 

Mou cl& : hybocarbwc de pinole (HCP), r n h i w n a  de liens. groupcs lonaionnels. interaction HCP-sol. 
percolation. conduaivitt h~draulique, attmuation. van der Waals. polymba organiqua. organophile. 

CUI. ~ . o ~ c h .  I .  n. m-YI ~ I W I ,  

Rnd In C v u Y  I t rmr  .u Cuul. 
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T*sE 3. Physicochcmicd p r o p d a  of monocydic aromalia 

Solubility in water 
Molecular Boiling point at room vmprature Dearity Dipole moment 

Comwund Formula wciaht ("0 b ~ m )  WmL) Dielectric conslant Debvc 

~ r m e n e  C A  78.11 80.1 1780 0.88 2.28 o 
Toluene C&sCH, 92.1 110.8 515 0.81 2.44 0.36 
Orthc-xylene C&(CH3), 106.17 144.4 175 0.88 157 0.62 
Mefa-xylene C&(CH3), 106.17 139.09 175 0.86 2.37 0.30 
Para-wlenc C*H.iCH,b 106.17 138.4 198 0.86 2.n 0 

mommts lw than one (1) and dielectric constants less than 
three (3). Hoffman and Brindley (1960) have shown that 
adrorption of nonionic organic compounds by soil clays is 
governed by the CH activity of the molecule; the CH activ- 
ity arises from electrostatic activation of the methyiene 
groups by neighboriog electron-withdrawing struccura, such 
as C = 0 and C = N. Molecules possessing many C = 0 
or C = N groups adjacent to mahylene groups would be 
more polar and hence more strongly adsorbed than those 
compounds in which such groups are few or absent F e n g  
1974). 

Examination of the chemical swctures of the various 
petroleum hydrocarbons (Figs. 1-4) indicates that these 
molecules have no electron-withdrawing uniu such as C = 0 
and C = N. Based on Hoffman and Brindley (I%O), it is 
apparent that the petroleum hydrocarbons molecules would 
be weakly adsorbed (mainly by van der Wads adsorption) 
by the soil functional groups and do not involve any strong 
ionic interaction with the soil. Indeed. Meyers and Quinn 
(1973) in their studies on association of hydrocarbons and 
mineral particles in saline solutiom obtained hears of &orp 
tion for eicosane (CfiZ,  a normal suaight-chained alkane 
molecule) and anthracene (C,,Hla, polycyclic aromatic 
hydrocarbon) onto bentonite clay of - 2.1 and - 9.1 caL/mol, 
respectively (I cal = 4.1868 J).  These heats of adsorption 
indicate weak adsorption by van der Waals attraction. 

Changes in soilphysicalpropenier on interaction with PHC 
moleculer 

On release to the soil media, besides weakly interacting 
with the clay surface by van der Wads attraction, the non- 
polar PHC molecules in the soil voids could influence the 
soil physical properties. The soil physical parameter of 
importance in soilkontaminant interaction is the soil 
hydraulic conductivity (for soils with k > 10 -' m/s). as it 
controls the fluid movement through the soil. There have 
been a number of studies of the effects of nonpolar alkanes 
(heptane. cyclohexane) and aromatic hydrocarbons @erucne. 
xylene) on the hydraulic conductivity of clays (Green el a!. 
1983; Acar eta!. 1985; Anderson et al. 1985~. 1985h 
Bowders 1985; Fernandez and Quigley 1985: Uppal and 
Stephenson 1989). Mitchell and Madsen (1987) have 
rwiewed the various investigations and arrived at the fol- 
lowing condusions about the e f f m  of hydrocarbons on the 
hydraulic conductivity of clay soils. Dilute solutions, i.e.. 
concentrations at or below the solubility limit of the 
hydrocarbone in water, have no effect on the hydraulic con- 
ductivity of clay soils. Permeation with pure hydrocarbons 
invariably influences the clay hydraulic conductivity. The 
degree of effect depends on the method of hydraulic con- 
ductivity testing used. Permeation with pure hydrocarbons 

Acenaphthene Biphenyl 

FIG. 4. Chemical nrucrurc of selecvd polycyclic hydrocarbons. 

leads to a decrease in hydraulic conductivity of  clay soils 
when flexible-wall permearneten are used. Permeation with 
pure hydrocarbons can lead to hydraulic conductivity 
increases of up to three o r d m  of magnitude when rigid-wall 
permeamaers are used. The marked increase in hydraulic 
conductivity in rigid-wall tests on passage of pure hydrocar- 
bons is atuibuted to shrinkage of soils, leading thereby to 
the formation of aacks and macropom. Flow of concen- 
trated hydrocarbons through day  s o h  is predominantly 
through the cracks and macropores. Most of the water in 
the micropore remains in the soil. 

FacIon influencing interactions berween PHC m o l d e r  and 
chy-mineral partides 

Meyen and Quinn (1973) and Meyers and Oas (1978) have 
studied the associations of  different hydrocarbons with clay 
panicles in a saline medium. The concentrations of 
hydrocarbons uud in t h b e  studies were well above the 
solubilities of the organic molecules in the aqueous solution 
(Table 5). The results of Peake and Hodgson (1956) had 
earlier indicated that water medium has the capacity to 
accommodate higher levels of hydrocarbon than that would 
be predicted by simple solubility considerations by way of 
micelle formation; the presence of these colloidal micellar 
panicles in water results from aggregation of the 
amphiphiles (i.e.. an ionic or molecular hydrocarbon species) 
to form small "ionic" or large "neutral" micelles. These 
micelles enhance water solubility of the hydrocarbons by 
providing hydrocarbon-like regions within the water in 
which the hydrocarbons prefercntiaUy diwlve (Baker 1962). 
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Previous s txd ies  have indicated the marked e f f e c t  o f  aeration a d  nutzient 
d d i t i o n s  on the  a b i l i t y  of indigenous s o i l  microbial populations t o  biodegrade 
in tnd ing  organic contaminants. This phencolenan was u t i l i zed  i n  t h i s  study for 
enhancing the b i d l e g ~ d a t i o n  of jet fuel contaminated s o i l s  through stimulation 
of the s o i l ' s  indigenous microoranisas. This stcdy was carr ied out  as a prelimi- 
nary investigation to es tab l i sh  the neoessity t o  develop in-sity aerat icn 
t&ology. 

Jet &el bidegradat ion w a s  enhanced by muplying a i r ,  n i t r q e n ,  phosphorus 
and trace micerals t o  the contaminated f ie ld  so i l s .  Jet fce l  bidegradat ion w a s  
monitored by CO evolution, as by following hy6rocarbon transfounation through 
gas chwanatogra$hy and infia-red spectroscopy studies.  

Canprat ive studies were conducted betwee? aerated ard nm-aerated soils. 
Whilst aeration was observed t o  s ignif icant ly  enhance CO evolution and. 
hydrocarbon degradation, non-aerated s o i l s  have a l s o  d i d l a y &  sane jet fuel  
b i c d q d a t i o n .  The ra tes  of CO evolution and hydrocarbon degradation were, 
hcwever, shown t o  be significan?ty slcwer in these s o i l s ,  and the addition of 
external sources of nitrogen ard phosphorus, more important for degrac?ation t o  
cccur. Jet fuel  degndat ion was only in i t ia tzd  a f t e r  a l ag  ti= i n  the non- 
expos& so i l s ,  whereas the  contaminated s o i l s  showed m i a t e  respcnse. This 
phencmenon appeared t o  be re la ted t o  the presence of jet fie1 adapted miaob ia l  
species in the s o i l s  which have b e e n  contminated for a p e r i d  varying between 5 
t o  10 years. 

Contamination of  s o i l s  and 
grouxhater  with hydrocarbon p r d u c t s  
is a consern of environmentalists, 
sirre petzolem prcducts a r e  toxic 
catpounds kncwn t o  be -1 t o  
a q u a t i c  l i f e  a t  concen t r a t ions  
equivalent to  90 ppn (1). The problw 
of leaking buried gasoline tanks as 
sources of qromdwater cuntaminaticn 
is indeed a real and pressing issue. 

Contaminated s o i l s  could either be 
excavated, d i s p l a d  and t reated,  O r  
t reated in-situ. There a r e  advantages 
ard disadvantages in a l l  cases, but for  
large ml- of contaminated soils, 
in-si t u  de-toxificatim/decontami~- 
t lon  is an al ternat ive t o  be consrd- 
ered. In these cases, techniques of 
lad-farming used for o i l y  sludges 
b e m e  applicable. 



Gasoline prcducts  zre amp~se  of a 
v a r i e t y  of a r o m a t i c  hydrocarbons .  
Cormnon g a s  hydrocarbons  comprise  
to luene ,  xy lene ,  benzene,  e t h y l  
benzene, intermediary hydrocarhns ,  
etc. The arcmat ic i ty  of these  hydro- 
carbons renders b i d e g r a d a t i o n  a more 
d i f f i c u l t  task ,  but  p a r t i a l  degradation 
of such rrmpounds under aerobic  condi- 
t ions  i n  s o i l s  has been referenced (2, 
3) .  Hydrocarbons a r e  kncwn t o  be b i d e -  
graded by a variety of b a c t e r i a l  
species. Lcw molecular weight a r m a t i c  
hydrocarbons, i n  p a r t i c u l a r ,  have been 
observed t o  urdergo s i g n i f i c a n t  bicde- 
usxlation under aerobic condi t icns  (3, 
4 ) .  I n  con t ras t ,  anaerobic bicdffira- 
dat ion of  a r a a a t i c  hydrocarbons has 
been largely  discounted over the years. 
Hore recent  s t v d i e s  have, however, 
sbwn hope f o r  anaerobic biodegradation 
of p o l y a r w a t i c  hydrocarbons, although 
an equivalent concentrat ion of these 
canpounds were shown t o  be b idegraded  
more than 20 times a s  r ap id ly  urder 
aerobic condit ions,  and the l a g  time 
fo r  i n i t i a t i o n  of anaerobic b i d e g -  
r d a t i o n  was of more than 270 days 
( 3 , 4 ) .  

I n i t i a l l y ,  the reported here in  
s t cd ies  were c a r r i e d  o u t  as a prelim- 
inary inves t iga t ion  t o  e s t a b l i s h  the 
usefulness of s o i l  ae ra t ion  f o r  in-si tu 
s o i l  self-decontamination of  an a c t u a l  
jet f u e l  contaminated site. Results  
have, however, shown that although 
aerobic t r e a b e n t  was f a s t e r  and more 
e f f i c i e n t ,  anaerobic b i d e g r a d a t i o n  
a p - w e d  t o  occur, and t h i s  could be 
eni-aced through enr ichrent  of the 
sails w i t h  non-carbon nu t r i en t s .  The 
object ives of t h i s  s M y  included 
gaining a b e t t e r  understarding of 
n a t u r a l  s o i l - r e l a t e d  phenomena 
avai lable  fo r  in-s i tu  b i d e g r a d a t i o n  
( a d  possibly reac tor  biotechmloqy) of 
hydrocarbon-contminatd soils, ard 
evaluating metatolic s t imula t ion  prcce- 
dures for  f u r t k r  f i e l d  applicat ion.  

T h i s  page: s m 2 r i z e s  s t u d i e s  
co f f iuc td  t o  evzluate the &ility of 
soils t o  undergo self-decontamination 
un2er aera ted  ard non-zerated condi- 
t ions .  More prec ise ly ,  &zs i s  was put 
on t h e  influence of s o i l  microbial 
a c t i v i t y  on  t h e  decon tamina t ion  
prccess. Enhanced hydrocarbon degrada- 
t i o n  and microbial  a c t i v i t y  a r e  s tudied  
through ae ra t ion  and supply of non- 
carbonaceous  c o - n u t r i e n t s  t o  s o i l s  
exposed t o  the contaminant fo r  a period 
of 5 t o  10 years  ard t o  s o i l s  which 
have n o t  been p r e v i o u s l y  exposed 
hydrocarbons. 

?tie main experiments were conduct- 
ed, -1y a jet f u e l  contaminated soil 
b i d e g r a d a t i o n  assay, and an adaptabi- 
l i t y  assay. 

S o i l s :  The contaminated s o i l s  sampled 
consisted of  a mixture of g rave l  a d  
silt ( f i l l  ma te r i a l ) ,  contaminated with 
jet f u e l  that has overflowed f r m  
r e s e r v o i r s  over t h e  l a s t  10 years .  The 
soil's hydrocarbon content  was shown t o  
be equivalent  t o  5% w/w a d  water 
content  of 10%. A laboratory processed 
s o i l ,  cons i s t ing  pr imar i ly  of i l l i t ic 
m i n e r a l s  w i t h  some c h l ' o r i t e  and 
kao l in i t e ,  was u t i l i z e d  i n  the adapt- 
a b i l i t y  s t cd ies .  

B i d e g r a d a b i l i t y  assay: 320g of jet 
fuel contaminated s o i l s  (5% w/w jet 
f u e l )  were continuously aera ted  with 
CO - f ree  canpressed a i r  routed t o  a 
m a k f o l d  system which d i s t r i b u t e d  air  
t o  the c u l t u r e  vesse ls  ( r e fe r  t o  Fig. 
1).  Gas flow d i d  no cause s o i l  mixing 
i n  t h e  vesse ls  due t o  the  dens i ty  of 
t h e  s o i l .  The s o i l s  were not inoculate? 
p r i o r  t o  t h e  tests a d  any microbial 
a c t i v i t y  was considered t o  be inherent 
to t h e  s o i l .  The CU4. p r d u c e d  i n  the  
v e s s e l s  c o u l d  o r 1  l n a t e  from two 
s o u r c e s ;  chemical  o r  b i o l o g i c a l  
precesses. Although chemical oxidat ion 



of t;.e hydrocarbons has t o  be  cnnsi- 
<ered, bio5sgraSation a p p e a r 4  t o  be 
the  most important generator  of carbon 
dioxile.  

Non-aerated reference tests were 
ca r r i ed  out  i n  p a r a l l e l  by replacing 
the  flowing a i r  w i t h  argon. These s o i l s  
were i n i t i a l l y  purged w i t h  argon t o  
evacuate trapped oxygen. Non-aerated 
conditions were ensured by maintaining 
a pos i t ive  argon flw throughout the 
duration of the  t e s t .  A i r  evacuation 
was monitored with a Yellow Springs 
oxygen meter and a n  oxygen-free 
environment was insured throughout the 
test by incorporat ing a G a s  Pack 
disposable anaerobic indicator  i n  each 
vessel.  These provided v i sua l  evidence 
t h a t  anoxic c m d i  t i o n s  were maintained. 

A l l  s o i l s  were enriched a t  various 
stages w i t h  minimal salts solution 
( 2 m  i n  320g), consis t ing  of the 
following: 

These salts could o f f e r  sources of 
exogenous e lec t ron acceptors,  surep 
tible t o  irducs oxygen-free hydrocarbon 
oxidation and p r d u c e  carbon dioxide. 
This had t o  be taken i n  account i n  the 
in te rp re ta t ion  of  the  a2 evolution 
curves. 

To follow hydrocarbon transform- 
t ion ,  two types of tests were conduc- 
ted; gas ch.romatography o f  pore f l u i d  
extracts a d  infra-red ~ t r o s c o p y  of 
air-dried s o i l s .  S t r ipping of hydro- 
carbons had t o  be considered a s  a snall 
contribution t o  hydrocarbon d i s a p p a r -  
ance a d  was considered i n  the  analysis  
of the results. 

a2 .evolution was monitored by 2 
d i s t i n c t  tests: 

- W i m  hydroxide t i t r a t i c n  
(aa (OH) - 00 trapping) . 2 

Carbon d iox ize  prcduced within tke  
react ion vesse ls  was di rec ted  towards a 
series of 125 mt f l a s k s  containing 100 
mL of 0.024N &(GI) .8H20 ( re fe r  t o  
Fig. 1). The carbon %ioxlde contained 
i n  the f l w i n g  gas  was trapped by 
Ba(OH) i n  the  form of B a a  . The 
CLrmula?!ed a2 trapped a s   ad was 
determined d a l l y  i n  the  2 f l a s 2 s  by 
t i t r a t i o n  of each absorber with 0.05N 
HCl t o  a p h a o l p h t h a l e i n  erd-point. The 
amount of carbon dioxide p r d u c e d  i n  a 
given time period w a s  ca lcula ted  a s  
f o l l o w  (5) ; 

m2 = 0.025 mlem x vol Xl x 4 4  mg 

- 00 analys is  by infra-red detect ion.  2 

A t  i r r egu la r  time in te rva l s ,  the gas 
tube l e d i n g  t o  the &(OH) . f l a s k s  was 
diver ted  t o  an infra-red d e L t o r ,  p a r t  
of  a Beckman - Total  Organic Carbon 
Analyzer I R  de tec to r ,  model 915. The 
CO contained i n  the flcwing gas  which 
waz measured d i r e c t l y  represented the  
m2 produced. 

Jet f u e l  ana lys i s  beforb a d  a f t e r  
b i d e g r a d a t i o n  was performed using the 
follcwing me thods :  

- Gas chromatography by f lame 
ionizat ion detec t ion (F lD)  

2 mic ro l i t e r  samples of acetone 
e x t r a c t e d  p o r e  f l u i d  samples were 
in jec ted  i n  a 10% OV-351 Chranosrob 

W-HP 80/100, 20f t  c o l m .  Car r i e r  gas 
(Helim) was s e t  a t  a flow equivalent 
o t  25 mL./min. Hydrocarbon ana lys i s  m c  

carried ou t  by means of a tanperature 
program set a s  follows: 

i n i t i a l :  1 2 0 ~ ~  f o r  4 rnins. 
program: 4 C p i n  

f i n a l :  150 C fo r  8 rnins. 



I R  analysis was carried out in a 
wav length range b e ~ 6 e n  4000 to  300 
cn-'. 5 mg a i r  dried s o i l  samples were 
mixed with 495 mg dried KBr, f inely 
ground and pressed into a pe l le t .  I R  
W t r a  were aralyzed a s  a function of 
new peaks related to  the s o i l  or to  the 
contaminating hydro- carbons. 

Pdaptability assay: These assays were 
c a r r l e d  ou t  t o  i n v e s t i g a t e  t h e  
potential of non-exposed s o i l s  t o  
undergo hydrocarbon bidegradation i n  
aerated and non-aerated cot?ditions. 
Due t o  their  nature, the adaptability 
tests allowed t o  study the i n i t i a l  
steps of jet fuel  bidegradation, sime 
nondegraded jet fuel was admixed t o  
non-exposed so i l s .  In contrast ,  the 
bidegradabi l i ty  t e s t s  were conducted 
on contaminated s o i l s  i n  which in-situ 
bidegradation has been ini t ia ted.  The 
a d a p t a b i l i t y  assays  compared C02 
evolution and hydrccarbon bicdegra- 
dation of aerated and non-aerated s o i l s  
inoculated with top s o i l  indigenous 
microbes ,  ( n e v e r  exposed  t o  
hydrocarbons) . 

T k  adaptabili ty tests set-up 
distribution and analysis) was similar 
to  the bidegradation assays d e ~ i b e d  
above, but were conducted on laboratory 
precessed sterile s o i l s  which were 
enriched with 50 mL jet fuel  and 50 mL 
r n i n h l  salts solution, and specifi- 
ca l ly  inoculated with 20g hydrocarbon- 
free top so i l .  

During t h e  t e s t  per iod ,  
C02 evolution was monitored by both Ba (OH) 

and I R  m l y s i s .  After 13 days o$ 
incubation, residual jet fuel i n  the 
s o i l s  was analyzed by I R  and GC tes ts .  
Canpar isons were established between 
aerated a d  argonat& assays, and also 
with re ference  samples. Reference 
samples included jet fue l - f r ee  

inocula te5  DS s o i l s  ( a e r a t d  v s  
argonated) and s t e r i l e  j e t - fue l  
enr iched s o i l s  ( t o  i n v e s t i q a t e  
evaporation e f fec ts )  . 

Carbon dioxide Evolution 
Bleeg-ndabili  ty assays: 

Both CO evolution t e s t s  sugqested 
2 tha t  CO was prduced i n  a l l  so i l s ,  but 

the rat& a t  which C02 was synthesized 
varied i n  accordance wlth the t r e a t m n t  
given. Aerated s o i l s  were characterized 
by e l eva ted  CO evolu t ion  curves,  
whereas non-aerat& s o i l s  d carbon 
dioxide levels  of approximately half  
(refer t o  Figures 2 and 3). This was 
verified i n  both cumulative tests (by 
BXO t i t r a t i o n )  a d  by d i rec t  C02 
analasis (IR spectroscopy). 

I t  has only been recsntly that 
studies have i d i c a t e d  the existence of 
a slow araerobic catabolism of hydro- 
carbons. I n  a l l  cases, however, anaer- 
ob ic  hydrocarbon catabol ism only 
s tar ted a f t e r  a long period of time 
(270 days) (3, 4 ) .  This long adaptation 
tune was not reflected in  our exper- 
iments, but could occurred ~ t u r a l l y  
wet the years a t  the site. The a) 
evolution curves do not regresent thz 
ac t iv i ty  of fresh microbes i n  contact 
with the pollutant,  but of miaokes 
that  had mre than 5 years t o  adapt t o  
the jet fuel. 

Whilst CO evolu t ion  is  an 
acceptable tool  %o investigate metah- 
lisn, care needs t o  be exercised in  
interpretation of resu l t s  - especially 
i n  re la t ion t o  bidegradat ion of p l l u - ,  
tams. Depending on the  pathway taken 
to  catabolize the contaminant (in t h i s  
Qse, jet f u e l ) ,  microbes w i l l  produce 
different  quant i t ies  of carbon dioxide. 
Also, depending whether mineralization 
of ce l lu l a r  synthesis occurs, the r a t i o  
of CO prcduced w i l l  be different.  
 ina all?, as  mentionned above, carbon 



dicxide om a l s o  be prcdue a s  a 
r e s u l t  of c h e n i o l  oxidaticn. For 
these reasons, C02 ,evolution curves 
were i n t e r p e t &  i n  view of t ie  r e s u l t s  
qenerated by C aid I R  tests. 

t ion.  Bimkgrzdation of hy&oczrbons by 
facu l - r t ive  microbes t h r sqh  a.naerobic 
r e sp i ra t i cn ,  u t i l i z i n g  n i t rogec  and/or 
s u l f a t e  a s  a f i m l  e l ec t ron  acceptor  
has a l s o  been +rans t ra t ed  by 0-iher CarSon dioxide evolution was used reseachers (8, 9). t o  evaluate t h e  in f lue r se  of minimal 

s a l t s  on both aerated and non-aerated 
s o i l s .  Bcth s o i l s  exhibi ted l a r g e  
increases i n  C02 prcduction a f t e r  
addit ion of these  co-nutrients ( r e f e r  
t o  Figure 5). X d i t i o n  of salts could 
r e s u l t  i n  an  i n a e a s e  i n  chenica l  
oxidation and C02 evolution, even i n  
*.e a b s a c e  of oxygen, s ince  the  salts 
supply sources of  e lec t ron acceptors. 
Nevertheless, results derived frcm t h e  
adaptabi l i ty  s tud ies  confinned t h a t  
t h i s  phenaoenon was l imi ted  i n  t h e  
tests, and the  measured C02 could be 
r e l a t e d  t o  b i o l o g i c a l  a c t i v i t y .  
Furthernore, t h e  influence of salt 
addit ion t o  t h e  s o i l s  r e f l ec ted  t h e  
l a c k  of  non-carbon n u t r i e n t s  i n  
hydrocarbon r i c h  s o i l s ,  of ten  l i m i t i n g  
bicdeqra6ation t o  axu. These results 
a q e G  with s t u d i e s  cordccted on o i l  
b idegrada t ion  i n  s o i l s  (6, 7 ) .  

Carbon dioxide was a l s o  used f o r  
rapid screening of t h e  na ture  of t h e  
me tabo l i z ing  microbes.  To assess 
whether the microbes i n  the non-aerated 
s o i l s  were s tr ict  anaerobes ,  t h e  
ncn-aerated s o i l s  were aera ted  f o r  a 
period equivalent  t o  10 days after 30 
days of  non-aerated treatment. I n  a l l  
cases, the CO prcduced was s i g n i f i -  
can t ly  &and3 a f t e r  the  f i r s t  day 
( r e f e r  t o  Fig. 4 ) .  

Carbon dioxide Fmlu t ion  
Adaptabil i ty assays: 

Carbon dioxide evolut ion of t h e  
s o i l  smgles wdergoing a d a p t a b i l i t y  
tests were s i m i l a r  t o  t h e  ones  
presented f o r  biodegradation studies 
( r e f e r  t o  Figs. 4 ard 5 ) .  In  sinmary, 
the non-aerated s2mples exhibi ted scme 
carbon dioxide  prcduction, but  t h i s  was 
s i g n i f i c a n t l y  lower than t h e  aera ted  
soil s q l e s .  These results could not  
be in terpre ted  without t h e  support of 
GC ard I R  results, s ince  the  observed 
carbon d i o x i d e  s y n t h e s i z e d  c o u l d  
o r i g i n a t e  frcm the biodegradation of 
non-hydrocarbon organics present  i n  
laboratory s o i l  o r  added 2s inoculum. 

Gas chrmatography 
Bla iegradab i l i ty  assays  

Gas  c h r o r n a t o a r a ~ h v  o f  t h e  - - 
non-treated jet f u e l  revealed a l a r g e  
n&r of  peaks re l a t ed  t o  t h e  hydro- 
carbons present  i n  the  f c e l  (Fig. 6, 
c u r v e  a ) .  No a t t e m p t  was made t o  
iden t i fy  a l l  hydrocarbons, but  the 
dcminating peaks ( f ,  j a rd  p) were 
iden t i f  ied as being benzene, toluene 
a d  xylene peaks respectively,  3 major 
mpour.ds of jet fuel .  F u r t h e m r e ,  
ana lys i s  of jet f u e l  chranatogram 
showed that it is canposed of  p r d u c t s  

In te rp re ta t ion  of these  results of a l a r g e  molecular weight range. - 
could be made on t h e  basis of  a Over t k  years,  in-situ na tu ra l ,  
chenical  oxidat ion phen-on. Never- a.Yerobic bidegradat ion tc 
the less ,  these results .seen t o  i n d i c a t e  hve taken place, transfoming the jet that t h e  metabolizing m i a o b e s  were not  fuel into a prduct of deeanposi s e n s i t i v e  t o  a i r ,  unless the a c t i v i t y  Rowever, the peridic addition of jet 
detected was a t t r i b u t e d  t o  f a s t  g r ~ i n g  f u e l  from c o n t i n u o u s  s p i l l s  would 
aerobes. This suggests  that t h e  mlcro- idicate that the sampled soils would 
bes were Ittost probably conta in  jet f u e l  a t  d i f f e r e n t  states of 
anzerobes h e r g o i n g  anaerobic respi ra-  bicdeoradation. This was indeed exhibi- 

ted gy a chrcmatogram of the  s o i l ' s  



Pore f lu id  (i'iq. 6,  m e  2). Canma- 
t i ve  analysis of the jet f e e l  u?d of 
t h i s  pore f luid extract  suoqests t ha t  
in-situ natural bidegradation had 
irdeed taken place, eliminatino mst 
hydrocarbon peaks. The p r e s a c e  of 
toluene, xylene ard a hydrocarbon with 
similar mlecular  weight a s  xylene 
(peak 0')  (absent i n  the or iginal  jet 
fuel)  , is, however, noticeable. The  
resu l t s  i rdicate  tha t  natural  bidegra-  
dation is more e f fec t ive  in  degrading 
the lcw molecular weight hydrocarbons, 
i n  accord with the resu l t s  reported by 
Atlas (4). 

A s  expected, biodegradat ion 
resulted in  the appearance of an 
important n&r of peaks i n  the 
non-aromatic area of the chranatogram 
( f i r s t  p a k s  t o  appear). These low 

molecular weight compounds would 
consist  of by-products of bidegra-  
dation since the original  jet fuel  only 
exhibited insignificant peaks i n  t h i s  
chromatroqam region. Similar resul ts  
were reported f o r  chromatography 
studies of bidegraded hydrocarbons 
(10, 11). 

Non-aerated soils, exhibited pore 
f luid chrmtqrams very similar t o  the 
f i e ld  extract .  However, the intensity 
of high molecular weight canpounds' 
peaks were fur ther  reduced, a d  low 
molecular weight ccmpounds exhibited 
inaeased  intensity.  Furthermore, the 
o' peak exhibited in  the in-situ s o i l ' s  
pore f lu id  extract  was again clear ly  
shown i n  these chromatograms. Overall, 
these  r e s u l t s  supported t h e  CO 
evolution curves, by denanstrating thaz 
even without aeration, bidegradation 
was succesfully continued in  the s o i l s  
with the introduction of low concentra- 
t ions of nitrogen and phosphorus in  the 
systao. 

Aeration of the  nutrient-enriched 
contaminated s o i l s  for  a period of 30 
days, appeared t o  s ignif icant ly  reduce 
t\e presence of higher molecular weight 

canpourds h*ile building a res-e 
of lcw molecular weight by-prodccts of 
bi&egradation (Pig. 6, curve c, p a k s  
a,  b, c a f ) .  A s  d k e n  noted 
previously,  ca t echo l ,  acetyl-COa, 
succinate, acetal2ehyde ard pyruvate 
a re  cammn by-products of bidegrada- 
tion of aranat ic  hydrocarbons, and 
t h e i r  syn thes i s  depends on t h e  
metabolic pathway taken (4) .  These 
by-products a re  a l l  of lower molecular 
weight than most hydrocarbons present 
i n  the jet fuel ,  and tkeir  synthesis 
would appear on the chranatqrams a s  
peaks with short  retention t i m e s  (eg. 
peaks a t o  e). Further s tud ies  a r e  
presently being corducted t o  identify 
ard canpare by-products f r m  aerated 
and non-aerated so i l s .  

Also of in te res t  was the disap- 
pearance of peak o '  (by-product of 
bidegradat icn) ,  i n  the aerated so i l s .  
Developrent of q u i k l e n t  peaks i n  the 
lcw molecular range seems t o  indicate 
tha t  aeration is required t o  b idegrade  
the ccmponent related t o  peak 0'. I t  
would appear t ha t  catabolism of the jet 
fuel  could a l so  be due to  non-aerated 
respiration fran facul ta t ive micro- 
organisins present i n  the so i l s .  The 
oxysen present i n  a i r  may be a required 
element t o  fu l ly  b idegrade- the  element 
related t o  peak 0'. 

Gas Chrauatogra~hy 
Pdaptability assays 
The resu l t s  shown i n  Figure 7 indicate 
that in general larger  reductions of 
peak heights were o h t i n e d  in  the 
aerated smples, confirming the CU 
evolution resul ts .  The following pointz 
a r e  noted: 
- h*ilst similar trends were observed 
i n  t h e  chromatograms, t h e  peak 
in tens i t ies  of non-aerated s o i l s  were 
higher than the  aerated soi ls .  
- i n  the incubation p e r i d  of 13 daysf 
the resu l t s  indicate that  only low 
molecular weight hydrocarbons were 
bidegraded in  both aerated and non- 



aerated so i l s ,  wi5-1 a net &cease i n  
*.e f i r s t  p a k s  of 'LF chrmatcqan.  
- T k  j peak (toluene) in aerated s o i l s  
e s  s k m  t o  be E i q l a e d  t o  the l e f t  
(shorter retention time). A study of 
the significance of t h i s  even t  has yet 
t o  be perfonaed. 
- the non-aerated so i l s '  chrcmatograms 
irdicated the presence of the o' peak 
distussed above ard t h o ~ y h t  t o  be 
related t o  a by-product of biodegra- 
dation encountered i n  a a e r o b i c  so i l s .  
This shows t o  build up a f t e r  only 13 
days of treatxent urder anaerobic 
conditions. 

In ?muca.ry, therefore, gas chro- 
matography s tudies  indicate tha t  the 
CD2 evolution observed could be related 
t o  the biodegradation of non-arcmatic 
law molecular weight canpounds and 
probably t o  some s h o r t  chain 
hydrocarbons, i n  non-aerated s o i l s  
containing no adapted a ic robes .  
Ehrthermore, bidegradation appears t o  
be acccrmpanied by a build-up of an 
intermediary prcduct ccrmrrn t o  the 
non-aerated s o i l s  ( refer  t o  peak 0').  

Aerated non-adapted microbes pre- 
sent in topsoils appear to  exhibit  sane 
law and intermediate hW hydrocarbon 
bidffiradation without build-up of the 
o '  p e a k - r e l a t e d  i n t e r m e d i a r y  
by-product. 

IR spectr0scOW 
Bidegradabi l i ty  assay 

The  a e r a t e d  and non-aerated 
spectra s h m  in  Fig. 8 indicate the 
presence of absorption bards typical of 
boti7 laboratory s o i l  ard j e t  f ce l  peaks 
(canpare D and JF bands). . However, the 
non-aerated spectrum shows a predmi- 
name of jet fuel  bands (JFl, JF3 and 
JF4). These overshadow the presence of 
laboratory s o i l  ' s character is t ic  D4 
band (900 - 1100 an-' region). 

Only t race  bands of jet fuel  were 
noticeable in  the aerated so i l s .  One 
might C O M ~ U ~ ~  frcan these resu l t s  that  

e contribution of a i r  enhances j e t  
fce l  leqralaticn.  Ke noto tha t  these 
resu l t s  s u p p r t  the CD2 ewlut ion  l a t a  
qecerated ard discussea above. F r m  IR 
spectrosapy one can a l s o  conclcde tha t  
tke actual source of a2 prdu& i n  
this assay is the r e su l t  of catabolism 
of jet fuel  hydrocarbons. 

Adaptability assays: 
Analysis of s o i l s  derived f r m  the 

adaptabili ty assays by I R  spectroscopy 
(refer  t o  Figure 9) leads t o  the sare 
conclusions a s  above. In general, the 
non-aerated s o i l s  exhibit  IR absorption 
bands typical of both laboratory s o i l  
and the contaminating jet fugl (ego 
peaks JF2, J F ~ ,  JF4 and JFS), h i l s t  
the bands f r m  the aerated s o i l s  only 
r e f l ec t  the so i l s '  spectrum. Again, the 
jet fuel  bands overshadowe3 the labora- 
tory s o i  l1 typical peaks i n '  the 900 - 
1100 an- region in  the non-aerated 
s o i l s 1  IR spectrum. Since the adapta- 
b i l i t y  tests were only run for 13 days, 
the state of degradation was less than 
in the b idegradabi l i ty  sanples which 
were run for t h i r ty  days. 

I t  would appear m a t  i t  is 
p s s i b l e  for ncn-aerated f i e ld  s o i l s  
exposed for long p e r i d s  of time t o  an 
aranat ic  hydrocarbon source, such as 
the jet f c e l  contaminated s o i l  s t u d i d ,  
t o  develop adapted microbial species 
tha t  can u t i l i z e  the contaminant a s  z 
source of carbon. The bidegradation 
r a t e  would, however, be slower in  
canpaison t o  aerobic catabolism. All 
hydroc~bons  present would probably not 
be mineralized (especially the high W 
mlecules), ard sane by-products of 
bidegradat ion could accunclate in the 
soils. However, with external addition 
of a source  of r e a d i l y  a v a i l a b l e  
nitrogen and phosphorus, t o  the non- 
ae ra t ed  s o i l s ,  enhancement of C02 
evolution and hydrocarbon degradatian 



(smpor'd by bth I3 six2 CC rewlts) 
occurs. 

The results obtained indicate that 
the bidegrr&tion monitored un<er 
non-zerat& corditicns appeared to be 
mainly attributed to facultative 
amerobes. In the absence of oxygen, 
an intermediary by-product of 
bidegradation is shown to ammulate 
in the soil (0' peak), and that for 
further degradation of the by-product, 
oxygen is prcbably required. Studies 
on accunulation and toxicity of the 
synthesised by-products, are presently 
being conducted. 

In soils not previously exposed to 
hydrocarbons, oleophilic microbes are 
not naturally present, and although 
sane CO evolution was observed,, this 
can be Llated to the bicdegradat~on of 
lcw molecular weight canpounds of non- 
aromatic nature and hydrocarbon 
stripping. Fresh hydrocarbon (jet fuel) 
spills in non-preconditioned anaerobic 
soils nay not unc?ergo self-decontami- 
nation even if large amounts of 
nikogen and phosphorus nutrients are 
dded, because of the absence of 
non-adapted microbial species. As 
indicated in this study, one could 
expect that given sufficient time, 
adapted microbial spffies can develop, 
therefore permitting slow bidegra- 
dation/decontamination. The time 
required for such adaptation to occur 
rerains, however, unknm. Inoculation 
of the site with adapted anaerobes, ard 
a supply of dditional nukients, could 
also be a remediation solution 
technique to be considered if arrele- 
rated bidegradation is desired. 

Aerated soils, have shown faster 
bicdegradation rates by adapted ard 
non-adapted soil microbes, with more 
canplete hydrocxbon degradation. The 
results confirm the advantages of 
aerating contaminated soils, and 
suggest that developnt of aeratim 

. -  . processes for soils would be a useful 

techralogy to irglermt for a faster 
a d  more thorou?h dec3ntuniretion of 
soils. Inarporation of a mezhnis;;l to 
supply nitroqen and phosghorus 
salutions to t3e soil shoulE allcw for 
better treatcent efficiency. Whilst 
aerobic bidegradation of hydrocarbons 
in-vitro has been well studid, field 
applications of aerated in-situ 
decontamination requires the 
developnent of proper technology. 

Anaerobic in-situ treatnent of 
hydrocarbons appears to be a relatively 
new subject. Labratory investigations 
of metabolic enhancers including 
detailed studies to evaluate the 
influence of nitrogen, phosphorus ard 
water content on bicdegradation, steps 
of biodegradation, by-products of 
metabolism, and toxicity of these 
by-prcducts need to be conducted. 
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2 m of soil depth in this area consists of a sandy soil (Figure 

1) underlain by 12 to 15 m of clay. The perched water table is 

located in the sandy soil layer and flows toward the southeast 

and southwest into the Mascouche River and the Milles-Ples River. 

These rivers eventually join the des Prairies River and 

ultimately the St. Lawrence River. The "permanent" water table, 

situated in the rock underneath the clay, shows no trace of 

contamination yet. 

Since contamination appears to be confined to the sandy 

soil layer, with traces in the top portions of the underlying 

clay, it appeared that in situ bioremediation using forced 

aeration to a nutrient-enhanced sandy soil system could yield 

significant benefit. However, before any field experiment could 

be conducted, it was necessary to undertake laboratory studies 

with the field soil to determine if forced aeration could produce 

effective results. In addition, the laboratory program was 

considered essential inasmuch as base values had to be 

established with respect to initial and boundary conditions. 

Accordingly, the disappearance of PAHs was monitored in the 

laboratory under forced aeration conditions, and isolation and 

identification of PAH-degrading microorganisms were attempted. 

The results will be used to evaluate field implementation 

requirements, especially in regard to accountability for the 

parameters controlling the various aspects of the forced aeration 

technique. 



MATERIAL8 AND METHOD8 

The sandy soil samples obtained from an area adjacent 

to the foundations of the old incinerator, at a depth of one 

meter, were stored at 4 C. Analysis of contamination consisted of 

determining: 

0 Concentration of heavy metals (Zn, Cr, Pb, Cu, Ni, Cd) 

and potassium from atomic adsorption measurements on 

digested soil using the digestion technique described 

in HACH (1987) 

Concentration of nitrogen using the Total Kjieldahl 

Nitrogen test (TKN), and concentration of phosphorus 

using the ascorbic acid method (HACH 1987) 

Total organic carbon (TOC) using the wet oxidation test 

(U. S. D. A.  1954) 

pH of the samples according to the method of Dunn and 

Mitchell (1984) 

Grain size distribution of the sandy soil according to 

ASTN D421 and D422 (Bowles 1986) 

The disappearance of PAHs and PCBs (polychlorinated 

biphenyls) was monitored at room temperature over two periods, 10 

and 20 days, after initiation of forced aeration conditions. The 

contaminated soil was first placed in capped plexiglass cylinders 

(cells) provided with holes at both top and bottom caps. For the 

aeration procedure, compressed air at 0.0352 kg/cm2 (0.5 psi) was 



introduced at the top (cap) and allowed to freely exit through 

the holes in the bottom cap. The (compressed) air from the 

compressor was forced through a gauze filter and humidified with 

sterile deionized water. Preliminary experiments designed to 

examine pressure effects indicated that pressures greater than 

0.0352 kg/cm2 caused excessive moisture loss in the 

test samples. Hence to avoid rapid desiccation of the test 

samples, it was decided to maintain an air pressure limit value 

of 0.0352 kg/cm2. At this pressure, and for the type of soil 

tested, the average flow was approximately 0.79 L/min. Air flow 

was monitored every week for every cell using a rotometer. 

Nine cells were used in the course of the laboratory 

study to assess the various parameters affecting the 

disappearance of PAHs. These cells were kept in the dark 

throughout the study period to avoid photodegradation of the 

samples. Cells Al and A2 were filled with approximately 170 g of 

the sandy soil obtained from the site, with no added nutrients 

(subscripts 1 and 2 represent measurements after 10 and 20 days, 

respectively). The soil in each cell was subjected to forced air 

during the prescribed test period, and the concentration 

of PAHs was determined thereafter. 

Cells AN1 and AN2 were identical to cells Al and A2, 

but were supplemented with specificed amounts of nutrient salts 

(0.114 g NH4N03 and 0.174 g KH2P04 per cell), determined 

according to Parkinson (1974). Cells C1 and C2 were control cells 

containing the test soil samples, but without benefit of forced 

aeration and without nutrients. Cells AC1 and AC2 were control 



cells containing autoclaved test soil samples subjected to forced 

aeration. Autoclaving was conducted at 120 C and at standard 

pressure for 20 min. This procedure was adopted since it has been 

shown to have no effect on the concentration of the PAHs in the 

soil (Herbes & Schwa11 1978). 

Determination of PAH and PCB concentrations were 

performed by Analchem Laboratories, St. Hubert (Quebec) according 

to the standards of the Qu6bec Ministry of the Environment 

(1985). The only PAHs and PCBs measured were the ones listed on 

the PAH priority pollutants listed by the Quebec Ministry of 

the Environment (1988). 

Soil extract medium was used to isolate the 

microorganisms (Parkinson et dl. 1971). After the specified test 

periods of 10 nd 20 days, 1 g of the test soil was taken from 

each cell and dissolved in 100 mL sterile deionized water. 

Dilutions ranging from to lo-' g/mL were made, and b.1 mL 

of each dilution spread on soil extract agar (1.5%) (Parkinson et 

dl. 1971). The plates were incubated at room temperature until 

distinct colonies formed. Isolated colonies were transferred to 

fresh soil extract agar plates and stored at 4 C. 

The biodegrading activity of the isolated 

microorganisms in the presence of any contaminant was determined 

via optical density (O.D.) measurement (using a spectrophotometer 

at 420 nm), and population growth comparisons made with control 

samples. The isolated microorganisms were grown in soil extract 

broth, and 0.1 mL was transferred to 10 mL of minimal salt 

solution (Bailey & Coffey 1986). Duplicate tubes of each 



microorganism were then singly supplemented with a final 

concentration of 50 ppm of either phenanthrene, anthracene 

(American Chemical Co.), or fluorene (Eastman Kodak Co.). These 

hydrocarbons were first dissolved in acetone (Bumpus 1989). The 

controls. contained only the Minimal Salt Solution and the 

chemical. Assessment of growth of the microorganisms was by O.D. 

measurement. After a 28-day incubation period, the extent of 

growth was determined also by a plate count of microorganisms in 

the presence and absence of the above-described single 

contaminants. 

RESULTS AND DISCUSSION 

The grain size distribu or the sandy soil samples 

obtained from the Mascouche site and used for the study is given 

in Figure 1. The particle size analysis indicates that the soil 

is a silty sand. Figure 2 shows the concentration of heavy metals 

present in the test soil compared with the background 

concentration for a typical Quebec soil and together with the 

level considered "contaminated" by the Quebec Ministry of the 

Environment (1988). The results show that Pb and Cd far exceed 

the contamination levels established by the Quebec government. 

The measured concentration of nutrients in the soil were: 

phosphorous 693 mg/kg, potassium 765 mg/kg, and nitrogen 220 

mg/kg. These concentrations were increased to 903 mg/kg, 1,031 

mg/kg, and 430 mg/kg, respectively, after the addition of 

nutrient salts in the AN cells. 



Figure 3 shows the variation of the soil pH over the 

duration of the PAH disappearance experiments. All samples showed 

a linear decrease in pH with the exception of the control sample 

C. Sample AN demonstrated the greatest drop in pH. The sterile 

control sample C showed a slight increase in soil pH with time. 

The slightly acidic pH levels are not expected to affect the 

potential for biodegradability since the values are not below the 

limit conditions discussed by Leahy and Colwell (1990). Since 

most heterotrophic bacteria and fungi prefer near-neutral pH 

values, with fungi being more tolerant to acidic conditions 

(Leahy & Colwell 1990), fungi would be expected to be the main 

biodegrading agent. 

The initial water content (27%) of the soil dropped 

significantly (to 3.1%) after one week of forced aeration, but 

only slightly thereafter. Since water content is essential for 

growth and metabolism of microorganisms (Leahy & coldweli 1990), 

it was considered essential to maintain favourable water content 

conditions throughout the tests. Although pressure from forced 

aeration on the soil may have a slight inhibiting effect on the 

activity of the microorganisms (Leahy & Colwell 1990), this 

effect is considered minimal and insignificant for the pressure 

levels used. The total organic carbon (TOC) at the start of the 

experiment was approximately 2.76 percent. The small drop 

observed in the TOC for sample AN (2.66 percent) could mean that 

natural selection of microorganisms, as well as full development 

of the microbial population, may not have had time to occur 

(Kosson et dl. 1987) . 



Disappearance of PABs 

The results shown in Figure 4 indicate biodegradation of 

PAHs in cell AN (the AN curve is lower than the AC curve) and the 

importance of added nutrients. A significant portion of the 

disappearance of PAHs occurred over the first 10 days. As shown 

in Figure 5, the AN curve is much lower than all the others, 

indicating that phenanthrene and/or anthracene was easier to 

biodegrade than the other contaminants. In Figure 6, the sample 

without added nutrients showed a much greater susceptibility to 

biodegradation of fluorene than the other samples. 

These results indicate that the major factors in the 

disappearance of PAHs were nonbiological in nature. Approximately 

80 percent of the PAH disappearance was due to physical or 

chemical parameters; only 20 percent was microbially transformed. 

The disappearance of anthracene and phenanthrene, however, 

demonstrates the effectiveness of bioremediation. The results in 

Figure 5 show that 52.4 percent of phenanthrene and anthracene 

was biodegraded. The results in Figure 6 indicate that microbial 

activity was responsible for the disappearance of fluorene. 

Since phenanthrene and anthracene show similar peaks in gas 

chromatograph measurements, they were added together in the 

results. However, phenanthrene is easier to degrade since it is 

approximately 20 times more soluble in water than anthracene 

(Leahy & Colwell 1990). Also, because of the bay area 

(Chakrabarty 1982) inherent in the biochemical structure of 

phenanthrene, it is exposed to enzymatic attack on three 



surfaces at the same time whereas anthracene exposes only two of 

its surfaces. Fluorene demonstrated positive biodegradation as 

well. This is to be expected since it is more soluble in water 

than phenanthrene (CRC Handbook 1984), and mineralization rates 

of PAHs are related to aqueous solubilities rather than to total 

substrate concentration (Leahy & Colwell 1990). 

Volatilization seems to be the major factor affecting 

the disappearance of PAHs in this experiment. Under natural 

conditions (i.e., no forced aeration), volatilization would have 

been negligeable (Park et al. 1990). Forced aeration, combined 

with the decrease in water content and the low percentage of TOC 

(which increases the amount of contaminants exposed to air), 

stripped and volatilized most of the PAHs in the soil. PCBs such 

as Arochlor 1242, 1248, 1254, and 1260 were unaltered during the 

experiment and remained at 0.8, 0.2, 1.5, and 0.9 mg/kg, 

respectively, in the sandy soil. 

Biological Tests 

Of the 21 strains of microorganisms isolated from 

samples AN, A, and C, only 13 were actually tested for their 

degrading capacities. This is mainly because some of the strains 

were molds that could have been contaminants, and some strains 

could not be maintained. Only the results of strains that 

demonstrated positive degradation are included in this paper 

(Figures 7, 9, 11, 13, 15, 17, and 19). In Figures 7, 9, 13, 15, 

and 19, the plate count was higher for the minimal salt solution 



contaminated w i t h  phenanthrene (b lack  b a r  graph)  t h a n  f o r  t h e  

c o n t r o l  c o n t a i n i n g  no contaminant ( s t r i p e d  b a r  g r a p h ) .  T h i s  

demons t ra tes  t h a t  t h e  microorganisms u t i l i z e  phenanthrene a s  a  

s o u r c e  o f  carbon,  and t h e r e f o r e ,  phenanthrene i n c r e a s e s  i t ' s  

popula t ion .  I n  F igu res  11, 13, and 18, t h e  f l u o r e n e  b a r  graph 

(b l ack )  is h i g h e r  t han  t h e  c o n t r o l  b a r  graph ( s t r i p e d ) ,  showing 

t h a t  f l u o r e n e  is u t i l i z e d  by t h o s e  s t r a i n s .  I n  F igu res  13 t h e  b a r  

graph f o r  an th racene  is h igher  than t h e  c o n t r o l  b a r  g raph ,  

i n d i c a t i n g  t h a t  t h i s  s t r a i n  can use  an th racene  a s  s o l e  s o u r c e  of 

carbon.  However, from Figures  9 ,  11, 15 and 19, t h e  b a r  g raphs  

i n d i c a t e  t h a t  an thracene  has  an i n h i b i t i n g  e f f e c t  on growth of 

t h e s e  s t r a i n s .  

F i g u r e s  8, 12, 14. 16, 18, and 20 show t h e  v a r i a t i o n  i n  

o p t i c a l  d e n s i t y  over  aper iod  of 43 days.  I n  t h e  c a s e  o f  

phenanthrene,  t h e  o p t i c a l  d e n s i t y  decreased  s l i g h t l y  b e f o r e  

i n c r e a s i n g .  T h i s  was observed i n  most c a s e s  where phenanthrene 

was biodegraded.  However, s t r a i n s  t h a t  showed no p o s i t i v e  

deg rada t ion ,  b u t  some t o l e r a n c e  t o  phenanthrene,  had t h e  same 

shape of cu rve .  I n  t h e  c a s e s  where f l u o r e n e  was biodegraded,  t h e  

curve  was mainly f l a t ,  s o  p r e d i c t i o n  of b iodegrad ing  c a p a c i t y  was 

n o t  p o s s i b l e .  I n  t h e  c a s e  of an thracene ,  O.D.  t e chn iques  proved 

i m p r a c t i c a l .  O.D.  curves  must be compared t o  t h e  c o n t r o l  cu rve  t o  

avoid con fus ing  a  n a t u r a l  i n c r e a s e  i n  popu la t ion  wi th  growth of 

t h e  microorganisms i n  t h e  presence o f  a  contaminant.  Dean-Ross 

(ASMB 1990) r e p o r t e d  t h a t  growth of a  phenanthrene-degrading,  

gram-negative b a c t e r i a  could be measured by observ ing  an i n c r e a s e  

i n  t h e  o p t i c a l  d e n s i t y  and i n  colony forming u n i t s  i n  a  l i q u i d  



inoculum. However, Amador, Alexander, and Zika (ASMB 1988) 

observed a decrease in optical density when monitoring the 

biodegradation of organic molecules in the presence of sunlight. 

Therefore, the initial drop in the O.D. curve for phenanthrene 

could indicate the emulsifying effect the bacterial or fungal 

enzymes may have on the chemicals (Leahy & Colwell 1990), as well 

as a certain degree of photodegradation and possibly adaptation 

(Leahy & Colwell 1990) during which many of the intolerant 

microorganisms die. The subsequent increase in optical density of 

the samples that demonstrates population increase could result 

from the growth of the microorganisms that increases the 

turbidity of the broth culture. 

From the results of the biological tests performed on 

the individual strains (Figure 7, 9, 13, 15 and 19), phenanthrene 

seems to be the chemical that supported the most growth, thus is 

most susceptible to microbial attack. Anthracene showed the least 

susceptibility to microbial attack and had some inhibiting 

effects on certain strains (Figures 9, 11, and 15). This could 

explain the asymptotic return of curve AN in Figure 5, since most 

of the phenanthrene disappeared, while the more resistant 

anthracene remained in the soil. In Figure 15, no results are 

shown for fluorene because the plates were found to be 

contaminated during the count. Contamination also negated results 

for anthracene after 28 days. 

Gram stains were performed on the strains that showed 

increased growth (positive degradation) in the presence of the 

three chemicals studied (Figures 7, 9, 11, 13, 15, 17 and 19). 



Strains 4, 8, and 21 were gram-negative rods, with strains 8 and 

21 being pleormorphic. Strains 9 and 16 were yeasts. Strains 12 

and 18 contained two microorganisms, which were difficult to 

separate at the start of the tests. Strain 12 consisted of a 

yeast and another fungus, and strain 18 consisted of a yeast and 

a gram negative-rod. All the yeast in these tests were of the 

same genera. 

All the yeasts were identified as being Candida 

parapsilosis by the Royal Victoria Hospital Clinical Laboratories 

in Montreal. This type of yeast had been isolated from a soil in 

1965 by Asahi Kaisha (Jong & Gantt 1987) and patented for its 

ability to degrade hydrocarbons. Equally, Candida parapsilosis 

has also been patented by Bioteknika International (Jong & Gantt 

1987) for its ability to degrade petroleum. Parkinson (1974) 

stated that a yeast of the Candida genus could degrade petroleum 

in arctic soils. Candida parapsilosis can also produce citric 

acid (Jong & Gantt 1987), which could explain the decrease in 

soil pH in the sample that showed the most biodegradation, as 

well as in the other samples. The other strains of 

microorganisms are presently being identified. 

CONCLUDING REMARKS 

This study reinforces the view that base-value 

characterization of test technique -- for assessment of 
effectiveness of treatment procedures and parametric evaluation 

-- prior to scaled up field experiments is necessary. The 



importance of nonbiological parameters in a forced aeration 

system has been demonstrated. During decontamination procedures 

involving this type of technique, a transfer of contaminants 

from the soil to the atmosphere could occur if no precautions are 

taken. If byproducts and pathways of biodegradation are not fully 

documented, contaminants could be masked and may not be readily 

identified by gas chromatography. Nutrient salts appear to have 

made a difference in the biodegradation process in the sandy soil 

tested. 
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YONG AND RAO 

Introduction 
Crude petroleum and its derivatives represent a complex 

mixture of hydrocarbons that are by and large inherently 
"toxic." Industry sources estimate that from 4 to 12% of 
the 5-8 million underground storage LI&S in North America 
that store petroleum products and chemical substances are 
lcaldng and contlminnh'ng subsurface soik and grolmdwater 
systuns Associates Inc. 1988). 

Rcrear in dm (land) hcatmcnt technologies for mitigation 
of ptroleum hydrocarbon (PHC) contamination from a 
contarmnatnl site arc either in the deveIopmental nags or 
king tated. They involve physical, chemical. and biologi- 
cal mnhods or combinations thereof. In situ chemical 
aearments lhar attempt to immobilize the petroleum con- 
raminants in the soil subsnate involve prscipitation, com- 
plexation, and polymerization of the contaminated subsur- 
face soil. Sorption of the PHC's by the soil substrate is 
another method for r d r k h g  the movement of petroleum 
contaminants from a contaminafed site. Sorption by soil can 
be improved upon by application of sewage, sludge, acti- 
wed carbon, and agriculture products and byproducts (PEI 
Awciates Inc. 1988). 

Clay fractions of soils are elecuically charged, have large 
surface areas, and have the ability to adsorb organic 
molecules. Theng (1974) and Raussell-Colom and Serratosa 
(1987) have reviewed the interaction af  organic molecules 
with clays. Many polar organics (e.g., alcohols, amines, 
ketones) are adsorbed onto the external clay surface, 
interlayer (between unit layers) space. and probably also on 
the clay partide edges by eletuostatic attraction and ion- 
exchange reactions. Adsorption of nonpolar organic 
molecules (e.g.. alkanes, aromatic hydrocarbons) by day 
occurs by the much weaker van der Waals attraction and 
is restricted to the external clay surface. 

To devise efficient strategies for restricting psroleum 
migration from a contaminated site utilizing the attenua- 
tion ability of a soil substrate, it is necessary to establish 
the sorption-interaction relationships between the p e a o l ~ m  
contaminants and the soil subsuate. The basic questions rhat 
need to be addressed are as follows: (i) What are the prom- 
inent chemical constituents of the various petroleum frac- 
tions that interact with the soil substrate? (ii) What arc the 
functional groups of a soil t h a  interact with PHC contam- 
inants? (iii) What are the bonding mechanisms possible 
between the soil functional groups and the PHC contami- 
nants? (iv) What are the consequent changes in the soil phys- 
ical properties on interaction with PHC molecules? 
(v) What am the factors influencing the interactions bdween 
PHC molrmler and clay mineral particles of the soil 
substrate? (vi) If the petroleum contaminants are weakly 
adsorbed by the soil substrate. what is the feasibility of 
improving the soil's attenuation ability of PHC's? 

The dcvelopmmt of answers to the basic questions are 
undertaken herein with a view towards understanding the 
bonding mechanisms possible between PHC molecules and 
soil functional groups and the feasibility of improving the 
attenuation ability of the soil substrate for petroleum 
hydrocarbons on suitable chemical treatment. 

Prominent petroleum ebemid  conaitumts 
Based on thdr boiling point ranges. the various parolnun 

products may be grouped under (i) light gasolines h i l i n g  

N o m l  Pentane 

Iso Pentone 
FIG. I. Chemical srmuura of selsled normal p a d f m  and 

isoparaffii. 

Cyclopentane Cyclohcxane 

FIG. 2. Chemical smcturc of sclec~td cycloalkana 

point range 30-100•‹C). (ii) heavy gasoline (boiling point 
range 100-20O0C), and (iii) diesel and kerosene (boiling 
point range 200-300OC) (Ncumann eta/. 1981). Each 
paroleurn fraction comprises a mixture of hydrocarbons, 
i.e., compounds fotmed by c o m b i o n  of C and H atoms. 
'Ihe important hydrocarbons encountered in the light and 
heavy gasoline and diesel and kerosene petroleum fractions 
are described below. 

Alkaner 
Thae  are saturated hydrocarbons and contain a single 

bond bctwten two carbon atoms. AU of the bonds of the 
taravalent carbon, which are not bonded to other carbon 
atoms, are bonded to hydrogen atoms. The bonded carbon 
atoms can form chains (paraffm) or rings (cycloalkanes). 
Straigbtshain m a u r e s  arc normal padfm (n-paraffm). 
Branched-chain s~uctures are isoparaffm. Examples of 
normal paraffm and isoparaffm are n-pentane and i s o p -  
lane, respectively, whose sLructures are shown in Figs. 1 
and 2. 

Saturated hydrocarbons having a ring structure are iden- 
tified as cydoakanes. Some members of this group are 
cyclopentane ( C & d  and cydohexane (C&I,3, which are 
formed from five or six CHI groups (Fig. 2). Some lower 
boiling point compounds in the paraffin and cydoalkane 
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TABLE I .  Physicochemical properties of n o d  p a d 1 3  

Solubility in w a m  
Mokular Boiling point ar room temperature Dmo'ty Dielectric Dipole moment 

Compound Formula weight ("0 wpm) WmL) conrmt Debye 

Methane C h  16.04 - 162.0 24.4 0.555 1.70 0 
E h e  CH. 30.07 - 89.0 60.4 0.572 1.00 0 

TABLE 2. Physicochcmical pmpcrdes of cldoallana 

Solubiity in warm 
Molrmlar Boiling point at room tempermure b i t y  Dipole moment 

Comwund Formula weight ('0 ( P P d  (g/mL) Didedric constant Debye 

C~dopro~ane C3H, 4208 - 33 37 000 o.n ~ o t  available o 
C~cJo~cnlaoe C,Hlo 70.14 49.4 c 1000 0.751 1.965 o 
Cydohexaoe C6H,2 84.16 80.0 55 0.79 2.02 0 
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FIG. 3. Chemical slrunure of s e l d  aromatic hydrocarborn. 

groups which are encountered in the tight gasoline fraction 
(group 11 are listed in Tables I and 2, rapectively. 

Aromatic hydrocarbons 
These are built on the 6-ca1bon benzene ring (Fig. 3). The 

constituent carbon atoms of the benzene ring do not contain 
the maximum possible number of hydrogm atoms and are 
therefore unsa!uraIed. The bonds between the carbon acorns 
in the kmme ring are neitha single nor double but of some 
hybrid type. Some propenia of the aromatic hydrocarbons 
found in light and heavy gasoline fractions (groups i and 
it) are identified in Table 3. 

PolycycIic hydrocarbons 
These are wrnplu hydrocarbons and may contain 

aromatic as well  as cydoalkane groups in the same molsule 
or may contain more than one aromatic ring (Kg. 4). Their 
polycyclic hydrocarbons are found in diesel and kerosene 
fractions (group ;it). Some properties of these complex 
hydrocarbons are lined in Table 4. 

PFIC contnminant-soil internction 
Soil fmctionol groups that can interact with P H C  

contaminants 
The soil functional groups raponsible for contaninant 

atmuation have been the s u b i a  of earlier daailed studies 
(Quigley 1987; Yong 1987).-The d v e  soil functional 
groups indude both inorganic hydroxyl and organic surface 
functional g~oups. The inorganic hydroxyl surface func- 
tional groups can be found in crystalline day minerals. 
amorphous silicate minerals. mcral oxide& oxyhydroxida, 
and hydroxides. Organic surface functional groups include 
carbonyl, amino, sulphonyl, carboxyi. amine, and phenolic 
groups. 

Bonding m&anisrnspao,B/e between soi/functiom/groups 
and P H C  contaminants 

A revim of the properties of puoleum hydrocarbons 
(Tabla 1-4) rcvds  that the various paroleurn fractions are 
primarily constituted by nonpolar organics with dipole 
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TABLE 4. Physicochcmical propa-tia of p@yqdic hydrocarbons 

Solubility in w a t u  
Molecular Boiling point at rcom temprature Density Dipole moment 

Compound weight ('C) @pm) WmL) Dielatric conscant Debye 

Acenaphthrne 154.21 279 3.47 1.02 na na 
Anlhracare 178.24 342 0.075 1.283 na 0 
Biphenyl 154.21 255.9 7.48 0.866 2.53 M 
Naphthalene 128.19 218 31.3 1.025 2.54 0 

On the basis of the above discussion, the hydrocarbon 
wnantracions of Meym and Quinn (1973) and Meym and 
Oas (1978) refer LO the accommodation concentration and 
not so much to the true dissolution level (concentdon). 
The ammmodaiion concentration of hydrocarbons in the 
water may be viewed to reflect the partitioning tendency of 
the organic substances behueen the aqueous and soil phases, 
respectively. Hydrocarbon molecules with lower acwm- 
modarion wncenuations in wafer would be partitioned to 
a greater extent onto the soil phase than in the aqueous 
phase, and vice versa. It is hence expected that the accom- 
modation wncentration of hydrocarbons in water has a 
bearing on the soil attenuation ability for hydrocarbons. 

The results of Meyers and Q u i ~  (1973) and Meyers and 
Oas (1978) for interaction of different hydrocarbon 
molecules at a concentration of 100 pg-L-' with sodium 
s m d t e  clay (50 mg) are shown in Table 5. These results 
show that there exists generally an inverse relationship 
between the accommodation concenuation of the hydrocar- 
bons and the percent adsorbed, i.e., the lower the accom- 
modation concentration of the hydrocarbon in water, the 
greater the tendency of the organic compound to be 
associated with the (clay) mineral phase. Adsorption data 
of hydrocarbons indicare that only anthracene has substan- 
tial adsorption; presumably the higher accommodation wn- 
centrations of the aromatic hydrocarbons inhibitstheir asso- 
clarion with the clay panicles (Meyers and Das 1978). Data 
in Table 6 also show that the adsorption levels of the various 
hydrocarbons are low ( I I g/kg of clay). 

Conttary to the findings of Meyers and Q u i ~  (19731, 
Bunon (1976) did not observe any sunoval of dissolved h a -  
dencane molecules by smectite clay. The absence of adsorp 
tion is anributed to the use of a subsaturated solution where 
the preferred state of hydrocarbon molecule is in the true 
solution. Such a s i t d o n  is possible bccaw of the following 
reasons. A polar clay (mineral) surface is normally hydrated 
and has an ordered crystalline structure. When a nonpolar 
molecule dissolves in water at room temperature. it modifies 
the water structure in the direction of greater crynallinity, 
i.e.. builds a microscopic "iceberg" around the solute 
molecule. This "freedng" of the water caused by the non- 
polar molecule causes excessive heat and entropy to be lost 
(Frank and Evans 1945). Apparently the small heats of 
adsorption for a clay-hydrocarbon interaction 
(< - 10 kcal/mol, Meyers and Quinn 1973) are inadequate 
to compensate the heat and entropy loss involved in 
desolvafing the clay surface and the solute molecule, leading 
to a lack of hydrocarbon sorption from true solution. 

Comparing the findings of Button (1976). Meyen and 
Quinn (1973). and Meyers and Oas (1978). it appears that 
adsorption of hydrocarbon by clay surfaces occurs only 
when the solubility of the hydrocarbon is ercrrded and the 

hydrocarbon exists in the m i d a r  form. The prinapal mode 
of intcracrion of the micelle with clay surfaces was inferred 
to be van der Wads anraction from the computed heats of 
adsorption values. It is known (van Olphm 1963) than 
van der Waals forces are small and rapidly decay with 
distance Cmversely proportional to the 7th power of dinance) 
for a pair of molecules. However. the van der Waals attrac- 
tion force is additive, which leads not only to a large total 
force, but also to a less rapid decay with distance finversely 
proportional to the 3rd power of distance between surfaces) 
for large partides. The aggregation of hydrocarbon 
molecules in micelle formation would thus lead to substan- 
tially enhanced van der Wads attraction of the clay surfaces 
and is presumably responsible for the removal of hydrocar- 
bon molecules from the aqueous medium. 

Improvement of soil attenuation ability for PHC's by 
ehemid  treatment of the soil 

The bonding mechanism between the nonpolar PHC 
molecules and the clay surface is by way of van der Waals 
anraaion. Data in Table 5 indime that the adsorption levels 
of the hydrocarbons comprising the various petroleum frac- 
tions are low ( 5  l g/kg of clay). Hence to improve the 
artenuation abiiiti. of a soil for PHC molecules, it is essen- 
tial to strengthen the van der Waals attraction between the 
soil surface and PHC molecules. Adsorption of organic 
cuions by van der Waals attraction on a day surface 
becomes propessively significant as the molecular weight 
of the organic d o n  in- (RausdlColom and Serratosa 
1987). Hence coating the soil surface with organic 
macromolecules should improve the attenuation ability of 
a soil for PHC's. 

Organic polymers represent a class of macromolecules 
built up by repetition of small simple chemical units, termed 
repeat units. In some cares, the repetition is linear, much 
as a chain is built up from iLs links. In other cases, the chains 
are branched or interconnected to form a thrac-dimensional 
network. The lmgrh of an organic polymer chain is specified 
by the number of repeat units, also identified as degree of 
polymerization @P). The molecular weight of a polymer 
is the product of molecular weight of the repeat unit and 
DP. Using polyvinyl chloride as an example, a polymer of 
DP lMXl has a molecular weight of 63 x 1000 = 63 000. 
In addition to being multisegmented and possessing very 
high molecular weights, organic polymers have several func- 
tional groups that allow them to interact with clay surfaces 
(Billmeyer 1984). 

The use of organic polymers in improving soil aggregate 
stability is well known (Quirk and Panabokke 1%2; 
Williams er a!. 1%7,1968). However, attention xcms to be 
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TABLE I .  Adanwon ol diframt bydrDarbm lrom h e  xrluliom a t  ZJ'C by W w s  mdtz  
(Mcyar d QuisD 1911; .Wcym u d  Ou 1978) - - . - - -, 

Wubiliry in 
rlirtilld wala 

at rwm tcmpzurc Ahorprion 
Compound Formula b p m )  ((lg/mg oI day )  'h adwrhcd 

focwd on u L h n g  them ro Improve the atrenuation abdity 
or s o h  for organic con-1s. 

The ioUowing discusion on h c  h c r p t i o o  rnccha~~ms 
of or@c po1ymp-s by clay r d a c c  k bawd on a study of 
C i r m l m d  (1%3) and a rcwm o f  Tbcng (1982). Organic 
polymcrs may k neuval or positively or negatively chged.  
Adsorplion o f  ncurral polymers (e-g.. polyvinyl alcohol) 
occurs via hydrogen bonds formed between rhc bydroxyl 
(OH) iunctional group o f  [be polymer and oxygeos of the 
clay w f x e .  The adrorpuoo of neutral wlyrners on clay 
surfacn u idlucnccd by  thc valence of the cxchangcable 
carion assodatcd with f h c  clay surface and the port elm- 
uolyrc concultraficm , i .<.. an inaeasc in u:chmgcablc m i o n  
valcnct or increic in pore e!ccirolytc conccn:ra~ion 
diminkha the  amount o l  ncutral polymcr adrorbd b y  thc 
clay surfacc. 

Adsorption o t  p s i t i v t l y  cbargcd polymers (c.g., cationic 
polysulfonc) by clays ~ c w s  largdy through clrcuosmuc 
j~ttramion bttwtcn :he calionicgroups of the polymer and 
the ncgaLively chargcd si t -  a[ the mineral iwtace. 

Adsorpiion o f  negarwcly charged polymcrs by clays 
occurs ur.dcr acid conCltions (pH < 7) and (or) at high w r e  
elecrrol~xt concemralions, when h e  ncgariw charge on the 
polymer is ncutralLed by H' ions Irom rhe acid mcdium 
and (or)  is rcrmcd by tht high port elccrrolyle conccntra- 
tion. Adsorption is also promoted by the prcrtncc o t  
multivalc~t d o n s  on rhc clay surtacu which a a  as 
"bridp" b c l w m  rhr anionic groups o l  tht polymn and 
ncgaivcly chargcd s i t e  on thc clay. 

Admrpuon o f  org& p l y m e n  by rhc clay surlaca may 
chvrgcthc suriacr propcnim of clay from hydrophilic ( i .e . .  
haring affiniry ror water rnoleculcs) 10 organophilic (i.r., 
having affinity ror orgnnic r n o [ d c s ) .  In  tht natural or 
untreatcrl rtaw, the ncgarivc chiugt PI clays is usually 
balanced by :norgenic crcbangmblt ions, such ar s d u m  
and calcium, w h ~ h  are strongly hydra14 in rht prcsenct 
of m c r .  The hydration of t h e  cxchangcablc mcral ions 
and the prcrcna of S i 4  group in days impan a 
hydrophilic nature to the m i n d  surfacu. As a rcsuIt, i h t  
adrwption of nonplar hydroca~bom by clays usuppr~sed 
in the prcrcnce or watcr k a u w  rclativcly nonpolar orgmuc 
rnoleculn wnnot clkt5vely corngcrc wi th  highIy polar wattr 
for adiorption sites on the clay surfacc. The adsorption o f  
organic p1ymc:s by ihc Jay surfacc would d c c r a t  the 
"free" al&oshme m i n e d  surfacc area (i.e., the swiace 
not covcrcd by organic polyrnml and rhc hydration o f  lhc 
clay surtact. As a ruul i ,  the surfact propf l iu  o f  a clay 

may change from highly hvd~ophilic to incrcaringly 
orgaaophilic, as the inorgmic cations arc prognsivcty 
r c p l a d  by b e  organic macromolecules. I n  thc abrtwc o f  
adsorbed watcr, rhc largt surface area o l  a clay can prc- 
vide a l a r ~ c  adsorptive capady ior hydrocarbn contam- 
nants (Let er ni. 1%). I t  is expected tbar thc optraivc 
aaorprion rncchanum bcrwan the organ~c polymtr 
attachcd to thc  d a y  surface nnd the @oleurn hydrocar- 
bon molccula would be or the van der Wads rypc. l lcre 
fort- would bc of s i g n i f i w t  mapiiudc lor intcractiom 
btwccn thc "ulrra" heavy organic p o l p c r  attached to ihe 
clay surface and the PHC rnoltcules. Adsorption of PHC 
r n o l d u  by the polyma attached to tke clay r d a c t  should 
also be possiblc by way o l  hydrogen bond lormarion 
between the lunclional groups of the potymcr ( e . ~ . .  OH. 
COOH) m d  the hydrogens of thc hydrocarbon rnolrculm. 

I t  thc soil m d i a  to which thc P HC molrcults arc r e l w d  
conrain satlling 2:s layer silicaiu (c.g., srnmites), then  
beridm rhc urtemal swiact, thc iotalayt i  spacc would alzo 
bcavailablc lo r  moltcular adsorption. Nomally. the noo- 
polar al k a n a  and arontatlc and p o 1 y c y l i c . h y d r r b  can- 
not cntcr the interlaycr space of sweIling 2 :  I mincraIs, as 
they m o t  overcomc the aluacuon energy bcrwem clay nnir 
layers (Green ef 01. 1903). However. thc uncharged and 
psi l ivcly chargod organic polymes can t n l u  the intcrlaycr 
!qacc o i  swclling days m t n g  1982). T b t  inlcrlayer spa= 
cra~cd on matrntnr or iht swelling clays with organic 
polymcrs can lhcn accommodate tht PHC moldcs, 
mulling in an increase in ihc atrenuation ability o f  tht mil 
lor pnrolcum contaminants. 

Thc w of  rrcatcd clays for removal of o r g h c  pllulants 
is nnl a ncu concept. McBridc (1937), Wolic er al. (1985. 
h y d  er 01. (1988), Cadena (1989). and Lcc el nl. (lw) on 
trcaling srnmtits with or~an ic  carions found a s i ~ f i c u t  
incrmc in the adsorpiion capacity of thc rrtatcci clays for 
aromatic hydrocarbons. 

Conclndin~ rrmukr 
PclroIeum hydrocarbons (PHC's) are c o r n p d  ofa  mix- 

rurc of nonpolar alkancr and aromatic and plycyclic 
hydrocarbons ha! have limited rolubility in wc. Thc warm 
medium, howcvcr, has the capability 01' accommodaring 
hightr leveh or hydrocarbons r h u  rhal prcdic~cd by rim- 
plc d u b i l i t y  considerations by way of micellc formation. 
Thenonpolanty ofthePHCmolcculu p t r r n i t s o n l y a ~ k  
interaction with rhc clay surfact (van dcr Waak type). T h c  
adsorption lcvelr o f  rhc * h o w  h y d r m b o ~  arc mnrt. 
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quently lower. The  adsorption o f  the hydrocarbons by clay 
surface occurs only when their solubility (in water) is 
exceeded and the hydrocarbons are accommodated in the 
mi& form. To a good approximation. there exists an 
i n v m e  relationship between the accommodation concentra- 
tion of the hydrocarbon and the percent adsorbed by the 
d a y  surface. The important consequence of  such a relation- 
ship is that the aromatic fraction of  pcrroleum products Ihaf 
arc the nos "toxic" has the l ean  a f f ~ t y  for the clay sur- 
Face. Dilute solutions of  hydrocarbons in water have n o  
d f s t  on the bydranlic conductivity of  clay soils. Permea- 
tion with pure hydrocarbons invariably influences the clay 
hydraulic conductivity. 

The adsorption bchaviour of  the petroleum hydrocarbons 
implies tha~ once these contaminants are released into the 
environment, there would be little attenuation by the 
underlying soil s u b s ~ a t c .  The bonding mechanism between 
n o n ~ o l a r  P H C  contaminants and the clav surface is bv wav - - ~  ~ 

of  <hysical vau d m  Wads a m a d o n .  H ~ C C .  t o  impro;e the 
attenuation ability of  a soil for petroleum hydrocarbons. 
i t  is proposed t o  make the vau der  Waals forces (between 
the soil surface and  hvdrocarbon moleculesl more effective 
by c k t i n g  the soil &face with "ultra"' heavy organic 
polymers. Adsorption o r  organic polymers by clay surfaces 
may change the surface properties of the clays from highly 
hydrophilic t o  increasingly organophilic. The organic 
polymers atcached t o  the clay surface are expected to 
attenuate PHC molecules by hydrogen bonding (besides van 
der W a d s  attraction) and also by adsorption into the 
interlayer space in the case of soils containing swelling clay 
minerals. 
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