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=N ABSTi!ACT," S
A study of the influence of microorganisms upon the physical ,

.}‘properties of crude oil and the bacterial'oil release nechanism fromﬁ
ﬂ'sedimentary materials was carried qut employing fluids native to"an.
actual reservoir in the Lloydminster ”heavy oil“ area and the Athabasca
"‘foil sand as well aqpselected organisms . | o |
‘_‘ Slight oil specific graviey and oil viscosity reductions were,.

| obtained in the presence of certain CIostridium species and suitable't ;f
' fermentable nutrient media. Reduced pressure distillations showed a_u>- a i
slight increase in the, amounf"f intermediate fractions. Carbon |
dioxide and methane uere the principal metabolic products The presence
“of carbon dioxide could be very significant in lowering the oil viscosity'

' Cat. reservoir cdnditions of: pressure and’ temperature. Similar effects

’ could also be obtained under artificial conditions of waterflooding

e Microbial oxidation by single and mixed aerobic organisms of

'~=finely dispersed oil under convenient aeration conditions resulted in

an. increase of the oil specific gravity andlbiscOSiégi Single euktures
e utilized the oil as the only source of carbon while mixed populations |
_ ;were groun in conventional nutrient media with an oil substrate | ‘
P Reduced pressure distillations indicated aﬁaincrease in the amount _
_edof heavy fractions and a decrease of the ligﬁi fractions as a result of
'f:hydrocarbon oxidations and/or oil components utilization. Similar results‘\
. ;were obtained after oil treatment uith enrichment cultures isolated |
| from soiJs sampled neer tb& L‘ioydninster refinery .
L ‘ tained by naturally occuring
:icu%§pral characteristics |

Loy

_ Oil release fron the dil sands wa:'
"‘organisms fbund in tbe,sands.' Microscopic

S ';'.73§y*ﬁff*;f;7“;}'fbu"ff".:" o~



'v_’Desulfovibrio species. o

o ..
L

. .

\

'of the organisms shoﬁ that the isolates ane different from the

\

The mechanism of bacteriaI oi! rebease appears to be the

hconveyance of bitumen particles to the nutrient medfum surface by
%attached carbon dioxide bubb]es.4 It 1s a]so possible that the ‘ ;
. -bacteria] afﬁhity for solid surfaces promotes the‘ removal of oﬂ
,from o11-beat@pg sediments. The mechaniSm,seems to he 1ndependent of

R A

" .

the changes 1n surface tens1on of the cultUre medium; 1’f-cf*:f"f”""'
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| ;_IANTRO'DUCT_I'OH. .

Hydrocarbons with the exception of certain compounds of Tow .-
:*molecuiar weight iike methane. have generaily been considered .-hip
-resistaht to microbia] attack Since about 1950 there' has been “ |

:f increasing evidence that microorganisms can utiiize. or. at 1east degrade,
;]arge hydrocarbons such as those found in petroieum and its products '

| | - A dozen different genera and more than one hundred speties ofM
.'microorganisms have been shown to uti]ize hydrocarbons for the primary

purpose of gaining energy for their life processes A]though the vast

.*jmaJority of hydrocarbon uti1i21ng organisms can certainly use: other
- forms of organic matter, they are characterized by their abiiity to fﬂ_>*‘

'-‘sub51st upon various hydrocarbons as a so]e source of carbon |
l lt is pos51b1e that- some microorganisms modify hydrocarbons

-more or less indirect]y through ‘the’ activity upon the hydrocarbons }4

;'of their excretion products Nhen this occurs, it does not represent

a. true utilization of the hydrocarbons by the microorganisms. even though

N it does represent instances of hydrocarbon modifications (1)

| There is ‘how,’ and has been for some 30 years, limited research

1n the area of bacterio]ogical oii recovery In the early 1940 S, . ,;

fn ZoBe]i diSCOVered that su]fate reducing bacteria cou]d re]ease 0il from ﬁ

R sedimentary materiais Interest 1in empioying microorganisms for aiding

‘in the secondary recOVery of petroieum stems actuai]y from microbioiogicaiw

"51nvestigations of source sediments as. part of American Petroleum Institute :
g _Research Project 43-A As a result of a series of pub]ications and -
' reports from 1943 to 1952. Petroieum Hicrobioiogy uas iaunched as a -_f
41:.1neu field: of endeaVOr due in no ;mali measure to the lure of emp]qying
-'-_f'bacteria for improVing secondary recovery R ‘



: It is well established that.microorganisms can grow and carry’ -

. .""

out a series of metabolic activities 1n subsurface rock

: “Theoretica]ly. bacterially produced gases and acids have infinite]y :
. greater value ii promoting oiY recovery than gas or acid simply -
injected into an oi} reservoir: Once active bacteria invade a -
reservoir and a fermentable Substrate. becomes available, microfoci - }
of gas, acid and“surfactant production are 'distributed within the - -

formation thus exerting an- internal, diffuse inflience rathem than o

as a front. This theoretical aspect of microbiological recovery
of oil making it unique, has warranted experimenta] app]ication

in the fie]d" (2). SRR IR : s

The possibility of employing bacteriai action 1n secondary
jrecoveny of petro]eum is greatest for those reserv01rs with the 3

'highest permeabf]ity Despite this limitation. technica]]y successfu]

'V.field experiments have been performed in Europe in sandstone reserv01rs o

h flsaturated with relatively high v1scosity crude oil.

Primary recovery from heavy crude oi] reserv01rs has been very
}~'19"‘4 Sawastky (3) indicated that primary oi] recovery from the |

\ J‘,L]oydmnnster field 1s only 8 per cent of the estimated original value

vThe recent work of Hestfa]l (4) supports an_even lower va]ue of.. 5 or

'6 per cent -and secondary recovery by conventiona1 waterf]ooding was

expetted to 1ncrease 10 to 12 per cent of ‘the 1nitia1 oiI 1n p]ace Lowpey

f'recovery by waterf]ooding of heavy crude oi]s resu]ts from reservoir ;:f

;stratification and unfavorable mobiiity ratios Therefore. there are

At

i strong incentives to investigate the pos$ib11ity of 01] v1sc051ty

,/ K v'

” :’reductions by the action of microorganisns as a result of théir excret10n

- products and/or petroTeum uti]ization. : .
In the Athabasca oil sand the hot water primary separation

‘.fprocess produces 011 as a froth uhich is subsequently centrifuged and,g‘;f;

o refined Currently very ]ittle is known about the mechanrsm of froth"

:“idformation AInvestigation into the mechanism of. bacteriaT oil re]ease,r'



kY Lo ”,'- . AR . Lot N +
i ' o S .nv‘ [ M N

.l lfi from the oi] sands can contribute to an understanding of tge mecbanism ;rng
i °f froth formation 1" the I{th of new data on th flotat n.of oil.*

R "The hot water process has had the iion s share of the publicity~

.- during the past 30 years, but' this -is only.one of s averal.

o _épossible technoiog es for separating the bitumen from the sands.

.e:s1t has-been estimated ‘that up to 20 Wt % of the total deposit - -

~'j:f-;wili be exploited by surface.mining the ‘sand and conveying it to C
. a separation plant. 'The. balance has too much overburden and T
wilt require in’ situ extraction" (5) c .

_ Therefore. any technoiogicai breakthrough wii] increase the
h;number of alternatives to recover ‘the oi] from the 011 sands using

v*h: the in situ approach "__”i' : -f,e‘i‘ ']*- ;..o‘: .é..
| The Purpose of this work was to investigate the effect upon

s the physical characteristics of heavy crude 011 caused by metabo]ic SR

'firfproducts of seiected microorganisms ‘as we]] as by biochemicai oxidations

i-'.,;produced by hydrocarbon-uti]izing organisms.5 Naphthenic crude oil

~s1“_from the Lioydminster “heavy crude" area was used in this i\Vestigation

B ~In order to simuiate reservoir conditions. naturai fiuids without

“-f;_'j.xn the Athabasca ot sand:

iremova] of the semisoiid phase of tars and asphaitenes nere used in
':this study.” It was aiso the purpose of this investigation to :1;-ff[if -
‘~ridetermine the mechanism of oiI release by natura]ly-occuring microorganisms' :

?.

It was not the 1ntent of this 1nvestigation to study the

"Jpathways of the microbiai hydrocarbon oxidations which wouid invo]ve

-.~5the use of infrared spectrometry techniques. mass spectrometry " »
ngfanalysis. tracer isotopes. and severai\forms .of chromatography deveioped ._“vi
_1~;to identify intermediates and products : R e h
.l;' Vfgorous gas producing anaerobic bacteria were tested at the S
?fibeginning of this investigation Because of partiai success in iowering o




the Lloydminster crude oi] viscosity using these organisms ‘efforts to"
accomp1ish this obJective were directed toward aerobic organ1sms which
_i}have been. reported as hydrocarbon-utilizers For a true assessment
of the nydrocarbonoclastic capactt1es of these organisms“ 1t was
| z'vnecessary to test them with crude oil as the so]e source -of" carbon :
ol with adequate nutrient media to observe hydrocarbon modificat1ons .
Mixed cultures haveqheen reported to transform hydrocarbons ‘

hhdmore readi]y than single cultures. An almost 1nf1n1te number of

’7‘fforganisms which are able to attack hydrocarbons can be tested However, o

= a,.?the time involved 'ln this nvestigation, equimeﬂt and e°°"°"”° |

s

'“?ﬁbfflimitations. restricted this research to a,study of ‘the most promising )

”f'wffcombinations their nutrient requirements. and the physica1 fa°t°rs
LI |

"hiicraffecting bacteria] growth

.1,‘9;.\
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Petroleum or its products in contact with water 'may be o
'tmodified by ‘the action of microorganisms. There is a ia‘ e number of |
orgahisms that. attack and transfonn hydrocarbons. rf' : )..' |
" The. statement that a microorganism is abie to utiiize some
| vjlsubstrate impiies that the substance concerned can be put to some .:
| . ﬁ'vaiuabie purpose by that particular organism (6)» The reactions by
which"ost bacteria secure energy are oxidations.r Before an organism ¥
o can use nutrients of high moiecular weight, it must be ab]e to break -
them down extracei]ular]y into mo]ecuies sma]i enough ‘to pass through
t'its cytopiasmatic membrane. Such extraceiiuiar digestion by excretedf
:_'Ng; enzymes appears to piay an important roie in the microbial transfor-
‘:"u:’mations of hydrocarbons by bacteriai excretion products aithough theyrp
”gg:_do not represent A true utiiization of the hydrocarbons by the _*'
. microorganisms- ‘ : . A‘ L : R .

: wﬁ{Indirect Modification of Hydrocarbons

o

In 1946. ZoBeil (7) suggested the use of anaerobic bacteria for

5ififfinjecting into petroieum reservoirs to faciiitate the‘recovery of oii

.}ti:‘»A salt toierant. or sait-requiring Desulfovibrio specdes was recommended/ ]
,‘"ijeas the type of bacterh; to be used in a secondary recovery process
ft”u;dUtiiization of hydrocarbons by su]fate-reducing bacteria is an 1ntegra1 h

;”3l_;part of the original patent._mu:_f;ise . ;]A, '); j‘f‘,;;‘ B }f, o
. Updegraff and Hren (8) performed a series of experiments df”hlii

o ‘
‘ designed to eyaiuate the efficiency of‘oi] reiease by sulfate-reducing

‘ ;;b, bacteria.‘ No ciear evidence of}petroie

. W»\ N ‘:,‘,v' Ll

' decomposition by Desulfovibrio R



'ffbacteria was fouhd., ’ ‘hwfpiill' o
A new patent by ZoBell (9) relates the recovery of hydrocarbons

- through the "hydrogenating" activities of Desulfovibrio, with

CIostridium supplying a source of hydrogen via the fermentation of

- carbohydrates. The process was designed primari]y for the recovery

of sha]e oi] and is for the expressed purpose of hydrogenating the ,
i'oi], ostensib]y making it less polar and more mobiie
o Relatively little laboratory work and no fie]d tests of.

bacteria] secondary recovery were perfonmed by ZoBe]] and his

"Q

).,

?‘associates (10). , . |
' Updegraff and- Hren (11) introduced the concept of: fermentation

i
of carbohydrates by anaerobic bacteria to produce organic acids and
- gas drive in ‘the reservoir Updegraff (12) suggested the application
rof this principie to a process for sedbndary recovery of petroieum
"._~The bacteria reconmended i@ude those particuiariy adapted to
.r;fermentation of sugar, with formation df copious amounts of. gases i'~°

"'h and organic ac1ds. Those bacteria inc?hde species of CIostridium

-{§E§llﬂléi» and Acetobacter. In contr;”

" bacteria. s B

‘ifigi 5yliggm, c. ;_tyricum. c acetobutﬁag;_i" "s;macerans B.
witsh ”rdinariiy negative

h’}iresults with Desu]fovibrio. oi] reiease 0 i PBCkS and cores

fny‘iwas readily and consistent]y demonstrated wiihf""r fenmenting

Dostaiek and SpUrny (13. r@) sté%ied the microbiai modi-

ﬂ7f?;fication of petroleum using suifate-reducing bacteria.}gﬁnus Desuifov1br10.

S g
. and. denitrifying bacteria. genus Pseudomonas An increase in specific

2_{gravity of the paraffinic oils and a preferential decrease in‘:he

"_;paraffiggc hydrocarbon'frlction st reported, However, the viscosity

B



of the'oil'was'decreaSed When naphthenic type oii was emp]oyed the
v1scosity of. the oii a]so was ]owered from about 115 to 112 centistokes.

- "Carbon dioxide dissolved in the o0l averaged about 0.5 ml/g and
that accumulating in the atmosphere of the closed systems was = -
about 6%. Dostalek and co-workers, concluded that viscosity
Towering of -011 in anaerobic systems due to bacterial action is
caused by dissolved carbon dioxide. Thus a lowered viscosity -

" occurs even though preferential utilization of the lighter
molecular weight hydrocarhons by the bacteria causes an increase

- in specific gravity of the oil. 0ils of lower specific: gravity
ordinarily support a greater intensity of bacterial growth.
This - applies particular]y to naphthenic type oils.. =

Asphaltic type oils: which have a high specific gravity, and a
relatively low paraffinic and naphthenic hydrocarbon content
are not utilized apprec1ab1y by Desu]fovibrio or Pseudomonas

' cu]tures" (15).
Fieid tests performed in. Czechos]ovakia by Dostalek and

Spurny using a mixed culture of Desulfov1brio and Pseudomonas ’

yielded, a 6. 85% increase in the 011 recovery No evidence was found
pin the field experiment of modification of the produced oil or

"'production of appreciab]e quantities of gas or acids that might

'affect partial dissoiution of reservoir rock The bacteria]
production of surface active compounds was conSidered a possibility

to exp\ain the increase in’ oi] recovery B |

‘ _ Kuznetsov (16) pointed out that growth of anaerobio bacteria

in the presence of crude oi]s is variabie and may be due: to utiiization

- of non-hydrocarbon compounds such as: nitrogeneous,eoxygenated and/or:
forganic sulphur compounds. B | R .' |

A» o -In the Soviet Union, anaerobic bacteria were used for ‘the

purpose of lowering the Sernovodsk reservoir o1l viscosity‘ Actually

the viscosity -of the oil was increased but the fo]]owing observations

were made* pressure at. the wei] head was increased by 22. 5 psi, -

- oil production increased from 37 metric tons/day to 40 metric tons/day.'



~ and the coproduced'water decreased by about'25% However. after 4
'months. production dropped to 36. 5 metric tons/day. water dropped
‘ another 20%. The totai amount of gas production remained constant
but changes in the gas composition occurred (17). _’
“In Hungary, Jaranyi and associates (18) empioyed mixed cuitures'v
‘of anaerobic thermophiiiic bacteria to reduce the viscosity of -
‘_naphthenic crude oi]. Two tons ‘of molasses, 100 kg of KNO3 and 10 kg'.{
. of Na3P04 were used as nutrients The original viscosity of 42.6
'centistokes was reduced to 20 centistokes due to dissoived |
fermentation gases after bacteriai activity at 120 atm pressure
'-The pH of the originai reservoir water was 9.0. After the.bacteriai
_ treatment the pH-was iowered to 7.5 due to organic acids and carhon o
~dioxide’ produced from ‘the fermented moiasses Surface tension of the-’
;‘coproduced water was iowered from 61 71 to 55 96 dynes/cm and gas
.rlproduction. particuiarly carbon dioxide. increased o e
In Poland, fleld tests in: sandstone reservoirs using Qlcﬂi_d_igm_ =

and other bacteria yielded oii production increases of 30 to 140

o per cent with pressure increases from 2 to 25 atm in several shut in

wei]s which had shown a reguiar decrease in oii production over a
period. of about 20 years In some weiis production increases continued
' for,as 1ong as 5 years ‘ Mo]asses and superphosphates were used as
4’fnutrients The pH of the reservoir water dropped from 8.7 to 6.4.
"7Smaii changes in the oii gravity and in the oii viscosity were -noted.
deorma] distiiiation showed marked differences in the crude before ,v
'fand after the experiments, The addition of bacteria resuited in an

B increase in the iighter fractions and a decrease in the heavier ones (19)

Y



. In Arkansas. Yarbrough and Coty increased.uaterf]ooding oi]
| hirecovery from a: highly depJeted sand reservoir following inocuiation “
‘ with a vigorous gas producing anaerobic bacterium of the genus
fCIostridium, with the addition of molasses as the fenmentable nutrient
":~source. /Hydrogen. a characteristic gaseous product of sugar fermen- 3
tation by the: Clostridium was not detected in the produced gases. Duev
f; to its water insolubility 1t may have been trapped in,the formation..g-‘

.'; f'thus taking up pore space and improviug oii recovery by forcing

:d‘fioodwater to seeh New channe]s in ‘the formation. therefore disp]acing the
oil (20). o | o
_ . Hitzman (21) suggested the inocu]ation of bacteriai spores,
:dbefore the injection of the nutrients . The objectiVe wou]d be to ”;:1 x
. distribute the bacterial spores throughout the'%grmation Hitzman o \\

| _recommended the use of C]ostridium roseum spores, becau e of their‘.;

.small 51ze.,'

Microbial Oxidation of ﬁydrocarbons

ii, Bioiogica] hydrocarbon oxidation and assimilation have been D

discussed by ZoBei], SteWart FUhs Foster. McKenna and Kallio, o
'and Van der Linden and ThiJsee (22-27) '
o In 1961 FUhs compi]ed a 1fst of organisms capabie of either

i

'vffgrowing on hydrocarbons as a sole carbon source or utiiizing such ~

'acompounds during growth It must be mentioned that this iist nas R

-lgprepared from A 1arge number of iiterature references and for this

| c'r'reason a great number of different hydrocarbons have been used as -

ﬁ”f.isolation substrates About 26 genera are represented in the origina]

,flist. 75. separate species have been reported as aiiphatic hydrocarbon pb ,f'

“f'V-futilizers~and 25 separate Species as aromatic hydrocarbon uti]izers




/A : .
L e R
. . Lo -
N () B
o : Lo i

FOSter’ Kester. and L“*‘"S (23‘30)- Performed an extensive R

ﬂ 'tistudy using saturated n-alkanes as isolation substrates FThe |

";f;?Brevibacterium uycobacterihn. Nocardia, and Streptomyces."

utilization of these hydrocarbons resulted mainly in isolation of

. ".\:1

\*thther organisms such as Achromobacter, Flavobacterium. Pseudomanas, m?-]

o and some fungi also came up persistently as a minority It can be seen

V'f:that hydrocarbon utilization is a property distributed among bacteria, f
‘l, fungi and yeast The above mentioned genera probably carry out. most

‘ i of the hydrocarbon degradation in nature (3l)

~the hydrocarbon is utilized“(32)

Hhen microorganisms multiply in mineral salt solutions. enrichedi -
| .-with gases, liquid or solid hydrocarbons, it is safe to assume ‘that |
. AR o
| In 1965 Van der Linden and Thijsse summarized the progress N
'made through the application of\new methods and techniqUes to the o
f: :mechanism of microbial utilization of hydrocarbon oxidation They.if ﬂ'ffﬂ"i
-~ cited numerous. microorganisms related 16" each hydrocarbon . | :"A‘
N ” ) Part of the original list of FUhs. as- well as the organisms mentioned
_,:rin the Van der Linden and Thijsse studies are summarized in the Appendix. \;f:
”ﬁqu4_~*”qf*..;ﬂ.. SR T
The predilection of Pseudomonas. Nocardia and Hycobacterium could

| "be inferred from Table A- At the same time, it should be noted that

h T‘cycloparaffins seem to be poorly utilizable by microorganisms 4 |
,ji | Foster (33) points out thatfthe great majority of organismS f-inift°.%h
fft listed’hy Fuhs have been identified a posteriori. usually having emerged N
| from hydrocarbon enrichuent or selectiv |







.vf'-hydrosen “and. methane. and the detergont act'lon of pctmany prodm:ed
.f‘fsurfactants B BT T e ©

rgf;”SUIfate-reducing bactoria
© dictate agaipst their use in petroleum reservoirs for the release -
- of ofl from reservoir rock.  These includ¢ their corrosive effects.
- with respect to- tron and stael, the plugging.effects.of colipidal-
4ron-sulfidé produced in petroleum reservairs due: tdgeneration

‘,.,‘ e

‘of hydrogen sulfide. by these bacteria and finally the relativel % o
.Y

L __s1ow"metabo1ic activity of sulfate-reducin b’cter1a1 particu1a
& regardiag utjlization of hydrocarbons (453

Undesfrab?e aspects of. emp1oying sulfa&e reducing bacteria and

-;consequent squide generation suggested the use of other anaerobic ;,'. :fﬁfd

-

‘ \?bactoria as.odl releasiug agents. "”-';“3~nj3 5d”.';*ffﬁf s

.......

C - bhgh echanisn [-wbich*-hydrocarbons possnny could-be ade nore “
mobﬂa were d'lscussed These 1m:'lude sulphate reducuon by De_s_ylfov'lbrio
*Lgddesulfricans. dissolution of sedimentiry rock h¥ bacter1a11y produced

mhave at.least three characterist1cs that»

{
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Bacteria are simp]e singie-cell organisms having very poorIy‘
differentiated protoplasm. They are very sma]i approx1mate1y 0. 5 |
1 microns or less in diameter. There are three principa] morphological‘,"?
1"}types of bacteria ‘ spheres which are cal]ed coCci rods which are |
':called baci]]i and curved rods which are calied v1brio or Spiriila
Some species of bacteria have motiiity and are ab]e to perform a h' |
:h progressive movement by means of thetr f]ageila Bacteria mu]tipiy byfi
’gtran5verse fission. Under favorable conditions this auto-cata]ytic process -
. --Ttakes place every ]0 or 20 minutes. The growth or mu]tipiication of
f'.ﬁt‘bacteria is limited by the 1ack of nutrients. unfavorable environmental
iconditions and by the toxic end products of bacteria1 metabolism. About
o one third of the organic matter which bacteria assimi]ate is converted
.into bacteria] protoplasm. and the rest is oxidized to carbon dioxide
":iand water or intenmediate products. ."' o ."' Lo 'j "
| Yeasts have been defined as fungi whose usua] and dominant growth ‘
"f:form is uniceilular (46) Yeast cei]s are sphericai e]]iptica] or f_': |
'h,cylindrical Their sizes are highly variabIe and conSiderabiy bigger 5 v'
sﬂthan the bacteria sizes. One group of yeasts reproduces by both budding
f ﬁand spore formation' the other reproduces on]y by budding i ' d
‘, . More than a hundred species of bacteria, ;:asts. and fungi arevf;}.v;ff
“r};jabie to. oxidize hydrocarbons.; 0ther§ have been reported as indirectlgf SR
fi:fQ,hydrocarbon transformers as’ a resu]t of the action of their metaboiicf’:
'i:t ;products upon hydrooarbons. Each species is ]imited in the kind of
'a:‘hydrocarbons 1t can attack.¢ Each species is also Iimited by the |

ftemperature, saiinity. surface tension, pH. oxygen tension. and other""



Pffafter passing across tbe cell membrane. can be used by the cell for
o building material or for obtaining energy IS

13

b-v

‘"envirdhmental conditions at which it is biochemically active -
| Environmental conditions also affect the rate of microbial reproduction'

"'.’and oi1 oxidation (47)

B COmplicated chemicals may be degraded into simpler ones What

marks microorganisms apart from the rest of living systems as industrial '

_A'.‘tools is the greatly increased rate at which these transformations cl

.";m'can take place. the fantastic range and efficiency of the chemical

‘.ﬁ{flmanipulations wbich microorganisms can undertake. and the relative )
‘1,simplicity of the technology for their application and exploitation (48)(

td'friMicrobial Nutrition :

Nutrients are extracellular substances that, on entering a cell

-

Practically any material on. Earth can nourish one microorganism

- e;or another An astounding list of materials can be. compiled ranging

. £

f'”'tfrom the usual grouth substances like proteins. sugﬂF% purines. and -
:' T yrﬂnidines to: tbe unu:lal substances such as rubber. paper, leather, -
"tfiﬂtOil carbon’ mOnoxide. inpn, elemental sulphur. and t“'Pe"tine No -
»f;iorgaﬂism 13 capable of utilizing all. nutrients. and ‘some nutrients

'v:?f can be used by only a small number of species

Some microorganisms are phototrophs. able to derive the;r energy ;

~7'from sunligbt The majority. hauever. are chemotrophs deriVing

o tbeir energy from the oxidation of chemical compounds Chemotrophs

yfb,;can be divided into autotrophs, which have the ability to grow solely
}iijgon inorganic materials uith carbon dioxide as the earbon source. and
ﬂ.i7beterotrophs, whicb require complex organic compounds for their main
l:i;:carbon source.~ The majority of microorganisms can transport molecules =



o o ji :‘;up, R '_4,‘,r ».;.,: ,f.~ o
- of low molecular weight across the cell membrane but not large molecules
‘,of proteins. fats etc In most natural environments there are bacteria
that can secrete enzymes which hydrolize larger particles to substances a
of Tower molecular weight. ' ' | |
Hydrolysis s a process by which proteins polysacharides. S
. fats and other large structural components are converted into their
constituent parts by /pe introduction of water at points of cleavage |
of the large molecules, liberating th constituent molecules
Tbe selection and transport of nutrients is a function of the |
~cell membrane Some compounds enter the cell by diffusion, but in :
nost. instances - the nutrients are transported across the cell. membrane._'
‘by a process calied active transport Active transport refers to the
"ability of an organism to accumulate substances within the cell-in -
'Uhigh concentration from an’ external environment in which those substancei
are in low concentrations (movement against concentration gradient). .
" The transport process requires energy‘and is catalyzed by enzymes called
:permeases Some permeases are produced only when the substrate uppn
which the enzyme acts is present Thus the inability of an organism to
metabolize a nutrient may refléct its inability to transport the -
| _ndtrient _ ." . R,
v Assimilation is the constructive activity by which food .
| materials are transformed into cell constituents Proteins. carbohydrates, j:
: fats, and other substances are produced from the simpler compounds that Ny -
';wﬂresult from the dissimilation process Dissimilation is the intracellular
‘:;breakdown of food materials. it yields compounds that can be

J"?i corpOrated into new protoplasm and also the energy that makes this

s
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Bacteridl Metabolism L ‘ . ";;'
| - Energy is usually transferred to 2 lower level ln biologic B

f,systems however, the energy level of a compound can be raised by

transferring to it certain types of chemical groups. but energy is -

. Alost or wasted in the process., In endrgy yielding systems. "high

“energy" phosphate bonds activate compounds in the building of .
,protoplasm The object in energy-yielding systems is to rearrange
: molecules to provide high-energy phosphate or: other bonding ‘?"

The reactions by which most bacteria secure energy are | ‘
oxidations Hhen a substance becomes oxidized it loses electronst _-j
another substance receives the electrons and betomes reduced

‘iAOxidation therefore consists Of a loss of electrons accompanied by a

"f loss of hydrogen or a gaineof oxygen. Every oxidation is accompanied

'by an equivalent reduction of some other substance

_ In the majority of biologic oxidations. hydrogen atoms are

| transferred from a substrate molecule. designated the hydrogen donor,
'and eventually passed to another substance. the hydrogen acceptor '
Between the donor and the ultimate acceptor there may be' several

| fhydrogen carriers. substances. that readily accept or release hydrogen.“s‘

: Biologic oxidation in which molecular oxygen is. the ultimate .

| i‘hydrogen acceptor is. called aerobic respiration The product carbon |

.. _ dioxide: is ‘the nost highly oxidized form of carbon. and thus the i
'.f‘-fgreatest possible yield of energy is obtained R

Chemosynthetic autotrophs secure.energy by oxidizing inorganicf7%‘ff

o .substances hydrogen gas. hydroge" sulfide. elemental sulphur. _'f,



;“‘iron, thiosulfate. and nitrite can also serve as autotroph s nutrient R

' Sf'media._ Some representative organisms and the proposed reactions are ;j; o

'__'shown in the Appendix. Table B 1. . =

A.,n-‘

Anaerobic respiration is an oxidative process in Which inorganic

b::substances other tban oxygen serve as the termina] hydrogen and

.;“electron acceptor -eSome organisms oxidize giucose ceupletely in the

?wabsence of atmospheric oxygen when an oxidizing agent such as potassium | \

'ﬁj.'nitrate is present..ﬂy';s_ -
- <

‘ CGHIZOb + 12KN03 -——¢ 6C02 + 6H20 + 12KN02 + 429 000 cal

Suifate reduction may yield hydrogen sulfide, and various bacteria fla :

""f‘produce.methane from carbon dioxide. e g

4H2 * 602 —_— CH4 + 2"20

el

e

CHEL T

Some typical reactions which have been proposed for anaerobic fﬁyfhghr;,

. ﬁa_respiretions of various hiqﬁborganisms are shoun in the Appendix. e

' “Tabie B-2 R o e .
__fL _ Fermentation is tbe anaerobic decomposition of an organic -
-a:substance by an enzﬁme system in which the finai hydrogen aCceptor 1s

' ,aan orgahic compound In the fermentation process. organic substances

s erve as both hydrOQen donor and hydrogen acceptor, indeed. different ‘;jh S

'7ﬂ§;parts of the same moiecnle often fiil these roies Since the products

'7“Q-~contain a considerabie amount of energy, the yieid in avaiiable energy ﬁ?i5fj

ooy zcaﬂson"+ 54,000 cal.




‘uffﬁat the‘expense of ethane, propane or butane. but if these gases

o In 1955 Hayaishi 648. 49) rGPO?tGd oxygenating enzymes ‘dbuﬁ'
- ior oxygenases occuring 1n bacteria. which were ]ater shown to piay

| 'flan 1mportant role in the oxidation of aromatic and aliphatic :

"~ hydrocarbons.. The operat'lon of these enmes. which catalyze th&
K”incorporation of mo)ecuIar oxygen 1nto the substrates. in paraffin o

“'1'a oxidation has been demonstrated 1n the laboratory by use of 1abe1ed
v?ltgaseous oxygen (50 51) These studies, however, do not exc]ude

\iéhtbe attack of the hydrocarbons fn the absence of air. a phenomenon o

_hb;which seems to under]ie tbe results of Azou1ay et a] (57) Who rdf:f-fﬂ _e,_“
- SUQQeSted the occurence of a reversible‘alkane dehydrogenase in L
- siboeTuTar E§§9§2EQEE§.Partic1es. COnclusive demonstration of

f:yﬁanaerobic hydrocarbon oxidation is rather difficult because of the

»b;presence of trace amounts of oxygen during the experiments and the

Af:fffpresence of 1mpur1t1es which easi]y occur in hydrocarbon substrates.; |
L I" ]959' beadbetter a“d*F°SteY (53). during their studies on :Dwa""”
| TA"t:he methane-utilizing bacterium. Pseudomonas methanica, discovered o |

5?€f;the phenomenon knoun as co~ox1datfon The organisms were unable to grow':’,{

G

f'?fﬁindiVid“°11¥ were present. whiTe organisms were growing at the expense
zﬂaﬂof methane. each of the co-substrates uas oxidized This technique- ,1-__-7t

‘L_:;,which they caTled co-oxfdation'waS”confirmed by the oxidation of
a1ky1henzenesby oca !sm.l‘ ARSI S

s
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"'<.of materiais hy organisms is undesirable.. Biodeterioration of |
W'iofmaterial has been defined as any undesirable change in the progerties S
"~fo? a materiai by vital activities of organisms (56) . N
’i The metabolic reactions hy which aerobic microorganisms transform
X ,fmaterials can be divided.into three phases _ oxidation, synthesis, | :
j,fjand endogenous respi}ation. These three-phase reactions can be.
A i':illustrated with the foilowing genera] equations. which have been
' ‘.‘-;simplified from those formulated by Eston and Eskenfelder (57)

(1) Organic matter oxidation S S

.“ 'jcxﬂyoz + a02 — xCO2 + bHZO + Energy

ecf(2)7‘Ce11 Material Synthe51s 1;75 ﬁff.’ ,

SR “C,H oz + NH3 + r,o2 + Energy —-»*csu;uoz + dCO + eH20
"*’."ff'.‘-(s')”?v_Ce,n Materia'l oxidation R = f i" o i7}, SR

‘li*-ff;csﬂ7“°2 + 50-2 -——» 5c02 + 2H20 + NH@ + Energy ) e; .

;7wﬁln the %5 encg,of enzymes. produced by living microorganisms. about 6ne
}éf:third of the organic matter is oxidized to carbon dioxide and water to

fﬂﬁfgprovide energy for synthesis of the other two thirds of the organic | ,‘t@ [ij;

'd?fmatter removed to cell materiai. The cei] materiai is aiso apto-oxidized i -

‘ﬁ,fto carbon dioxide. Nater. etc.. by endogenenous respiration This o *1~A'
fijNEChaﬂfsm Suggests the presence of dissoived oxygen as in the case where
the mediun has been suitably aerated and asitﬂted. e A




20

T;able to grow in its absence. though often with decreased vigour _
| | Obiigatory anaarobes cannot grow if more than a trace of free oxygen is
.»',present | e ol ', R
Yeast mu'ltip'lication is more rapid and the yie'id of cells is

~.greater under aerobic than Under anaerobic conditions Aerobic oxidation o

’,,of sugar such as giucose by some yeastsdcan be expected to yield carbon

'dioxide and water plus a theoreticai maximum of 688 000 ca]ories of .3 E

V»energy. whereas anaerobic fermentation of the same sugar to alcohoi

."i,and carbon dioxide makes available no more than 54 000 calories of

:.energy. Taking into consideration the ceiI energy requirements. it is ,

I robvious that aerobic conditions favor more rapid and extensive growth

o ‘Most hydrocarbon-oxidizing microorganisms require free or dissoived o

- Hoisture.‘ Hater s the vehicie by which microorganisms secure -

A nfood and e]iminate waste products. Host bacteria and . yeasts prefer

- 9media of very high uater content. In general yeasts require somewhatvny_1y f
3 _less water than most bacteria., For this reason. ‘the knowledge of the |
i'?;“chemical composition of the water accompanying the oil in the horizon»“'=
| ‘;'into uhich the introduction of microorganisms is intended. p]ays .y
Can important role in the bacteriologicai oil recovery mechanism 'A}:T'

'i’i;veny hdgh mineralization. the lack of phosphorous or nitrogen compounds, ’

~ 1:*fhigb.acidity or bigh alkalinity, exert a detrimenta] effect on the .
"‘"ﬂsmtb of-icrporoanis-s SRS
| Dioxide., This is probably necessary in small amounts.: ;f';

S"Cb as !" Prosont in tbe atlgsphere. for the gronth of microorganisms ff}fl'

Free carbon dioxidefcan be the sole carbon source for autotrophs a[',
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Nutrient Requirements Besides energy sources, oii oxidizers.

f iike all other kinds of organisms. require uti]izable sources of C. -

Ca. Mg. Ky Sy Fe. N, and P, plus various trace elements A lack

. of utiiizabie compounds of nitrogen and sometimes phosphorous may Timit

:}the growth of ol oxidizing organisms In iaboratory experiménts the'

| f;nitrogen and phosphorous requirements of most 0il oxidizers are

'-jgpurpose

1satisfied by the addition of severai parts per miiiion of ammonium o
fphosphate Equiva]ent quantities of other sa]ts such as ammonium |
| ‘suifate annmnium chloride, ammonium nitrate. potassium phosphate,

'.ysodium phosphate or calcium phosphate, for example. serve the same -

) gmperature. The temperature of the cu]ture medium determines
gthe rate of growth. mu]tipiication and death of microorganisms 'The )

'_'p’optimum growthrtemperature is the temperature at which most rapid

-multiplication occurs ‘and is often a few degrees iower than the
;maximum growth temperature " B . ’_'

p Certain by-products may be produced in greater yield or. more
;‘Lrapidiy at a temperature different than the optimum growth temperature
'}~Temperature also affects the rates of respiration and fenmentation. o
| f;spore formation. pigment production. and other processes These :},
1feffects can be attributed in part to the differing temperature optima
eh,of various enzymes. in part to the greater toxicity of acids and

’i:fother wastes at higher temperatures (58) '

“ The majority of bacteria reported as hydrocarbon-utiiizers are '

'mesophiies. with originai growth temperatures somewhere between :

'ffi 20 and 40°C The' most favorabie temperature for the growth of yeasts

"is usual?y between 20° and 30°C Incubation at 30°C is. generai]y
’3¢%fsatisfactory | | A ~o
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“'Pressure. Bacteria seem to possess considerable resistance
' to mechanical or hydrostatic pressure To date. the effects of
._:hydrostatic pressure on organisms in- the biosphere is not well
.'understood In all cases the pressure effect must be related to
‘the corresponding temperature of the experiment and the amount of
. pressure. ;] B *7~"’f’ T

"ZoBell and Johnson studied the relationship of pressure and
. temperature on the growth of bacteria. Both terrestrial and
‘marine bacteria were employed in their studies. Excellent
~growth of terrestrial bacteria was attained when subjected to :
- a temperature of 20, 30, and 40°C. at 1 atm.. When the hydro- - |
static pressure was raised to 300 atm. a noticeable decrease in
the amount of growth of many terrestrial bacteria was noted at
20°C.: In the majority of organisms tested, the amount of growth
at 3b and 40°C. at 300 atm. was just slightly less than the
- ~atmospheric controls. At 400 atm. -only a few organisms grew at
20°C. At 30°C. and 400 atm. the amount of growth was less e
- than that occuring at 40°C. and 400 atm. None of these organisms
tested were capable of growth at 20°C, and 500 or 600 atm. . .

. Bacillus meSengericus. Escherichia coli and Streptococcus lactis
- 'gave more gg °C. at both 500 and 600 at% “than at
. -30°C. at 500 or 600 atni. When marine bacteria were tested: under ,
" the same conditions there appeared to be a barophilic tendency of

) :,the organisms tested" (59).

ydroi en Ion COncentration Microbial growth and act1v1t1es

., ;are strongly affected by the pH of the medium. Microorganisms differ Q;:

:.widely in their preferences and tolerances concerning the reaction

:i'to their environment. Each species can grow only within a certain pH ‘i

'frange. and the most rapid and luxuriant growth occurs in a narrow |

| 'pr zone. Taking into consideration the fact that the nature of

"'.microbial metabolic activities is such that the pH of a culture

_ B 'medium does t originally remain constant after growth begins, |

. nontoxic bu£2rs must be added to culture media to prevent the rapid

idg”fchange of the pH value by acid metabolic products to a level at
,;“uhich organisms can no longer multiply R o
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» Many species of yeast can mu]tiply in so]utions as acid as pH _'

i3 0, as we]l as in alkaiine so]utions with pH 7.5.. The optimum .

freaction is usuaily between pH. 4. 5 and 5 0. o o
| Oxidation-Reduction Poted‘iai The abiiity of an organism to

'grow when transferred to a fresh cu]ture medium depends in part upon o
1the oxidation-reduction potentiai Oxidation reduction potentiai is
- -controlled by the oxidizing and reducing agents present The various_‘v |
| microorganisms differ with respect to. the oxidation-reduction potentia]s
‘at which they can begin to grow. Aerobic organisms tolerate higher o

':’potentiais than anaerobes, which usua]]y require media with negative.

E : potentia]s The aeration of cultunp media tends to produce p051t1ve

a - potentiais but the initiation of growth of many bacteria not on]y '

‘f'anaerobes. is favored by a somewhat lower potential

‘,.Anaerobic Modifications of Hydrocarbons ’y . | |
There are few indications that microorganisms can bring abouti'c

’"tan anaerobic attack on hydrocarbon moiecules.. Usualiy hydrocarbon

o f'fermentations require much greater air input and agitation than do -~ -

‘ ;hf'to the fact that considerabie oxygen must be incorporated into t~;"'

‘d'ffermentations utilizing the more conventionai carbohydrate and protein B
v:_substrates In part. this may be attributed to a probiem‘in
‘fgetting oxygen to the surfaces of the microbial ce]is. and in part

;rocarbon moiecule during the microbiai degradation However, -

7dmeta'fiic products of anaerobic organisms. can contribute to modify the

- fhydrocarbons.‘ For instance. carbon dioxide. an end product of

A substrate fermentation wi'l] enter into so‘iution at reservoir pressure

.5;aand wiii change tbe physica] properties of the crude oii ;j-;f’,_“?jl}“
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‘ In 1abdnatory experiments, nitrate has been shown to serve as a-
'.Alhydrogen acceptor for certain aliphatic hydrocarbon oxidizing |
'bacteria Anaerobic cleavage of the aromatic ring has been demonstrated ’
| with substrates which bear a functionai group, but itJremains questiunable -
s whether an anaerobic utiiization of aromatic hydrocarbons proper wili
]'ever be: demonstrated e | - R
Successful field tests. employing anaerobic organisms to ferment

suitabie nutrient media ‘were primariiy interested in determining the'
' i.possibiiity of a subsurface bacterial fenmentation in an oi] reservoir.
‘5and the effect of bacterial activity upon the physica] characteristics

“of the oi‘l

SN

'“.Microbiai Oxidation of Hydrocarbons A:f~"ﬂf,;.; <

Under adequate nutrient media and favorable conditions, some L ,

ifimicroorganisms are known to metaboiize petroieum compounds, especiaiiy

.ffhydrocarbons. ‘via oxidative pathways. Even under optimal conditions ‘};!3"
‘;n.:ffor microbial growth. the heavy. complex hydrocarbon molecu]es are. not
]rapidiy metabolized to either stable ceiiu]ar components or the |
fﬁf.ﬂoxidative end products :? ;;'f_*’.f;“ ["?,j ’;' f v*':’. / '
_. The microbial oxidation of hydrocarbons nearly aiways results .
'nfr'lin the formation of water. carbon dioxide. miopobiai cel substance or -
‘iff7~biomass and a great variety of other ‘end products, many f which have ;
o i.not been 1dentified More than a hundred species of bac eria. yeasts.
__fdf;and fungi have heen fbund to oxidize one or more kinds of hydrocarbons
.‘??;JSuch hydrocarbon uti]izers are wide]y distributed in oi] fiald soii. 4

sunp naters. and coasta'l areas. partiou'lar'ly in areas sub.iected to |

.’ffﬁgfrequent poiiution by'petroieum or refinery products.:. T ..;J///).jf

LN
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| “\ The microbial transformations of hydrocarbons depend upon :f-*'

. several interrelated factors. Microorganisms capable:of oxidizing

‘.:ehydrocarbons must be present and able- to grow in the natural or

"'“artificial environment. Temperature, salinity. contentration of

| microbial nutrients. available oxygen. surface area of oil exposed
_.to microbial enzymes. and the-dispersion of oil in water are 'iv“ :
f. conditidns which govern the growth and physiological activities - |

.\, .,

- Among the many factors which influence the biodegradability of :1-w‘77
-{-hydrocarbons molecular configuration seems to be the most important

';;;Ih general alkanes are attacked by more microbial species, more

rapidly. and support more growth than either aromatic or naphthenic

= to microbial oxidations than branched chain compounds (60-63)

Relatively few species oxidize methane, ethane or propane Many .f o

; umore species have the ability to oxidize nOrmal alkanes containing lO

-

prounds. Hithin the alkanes, normal comPoundsﬁare more susceptible 'flsf.s

~i}1to 18 carbon atows than any other kind of z:drocarbons., With increa51mg L

; 5chain length. alkanes seem to be increasing y more refrectory to A
| iimicrobial oxidation, which mey be attributable more to lower solubility
f'in water than to lack of rhl;iiability to- ef;‘f;
;.ffparaffins show decreased or even negligible»oxidation rates (64)

action.3 Branched

Dlefins serVe as substrates for a uide variety of microorganisms. ,_f; N

:'aalthough many more species exhibit a preference for saturated i
“,":compounds (65) S e EORERR S




o Benzene 1s metabolized by a variety of ;1oroorganisms
i h?lntroducihg aTkyl groups 1nto the benzene r1ng tends to render the
}A;Lfresu1t1ng compound more susceptible to microbia] oxidation In
”;J;]general bacteria oxidize polycyclic hydrocarbons more readily than “”
‘.”f,benzene Naphthalene is dissimilated more rapid]y and by mare.
' '.ﬂm1crobia1 species (67) f"*“;??f f; K j” ' ';’ |
,,.‘ Peroxides and hydroperoxides appear to be the primary .‘_af"?T |
1 E'prroducts of the 11qu1d phase oxidation»of unsaturated a]kyI aromatic R 0
- ]and aliqyc]ic hydrocarbons (68) h, ',”', ".. ' ;"" } "'i
T The kinetics of the' oxidetion depend on. the. oxygen partia]
- "pressure. temperafure of'the environment and hydrocarbon structure.f;;?;-'

:‘;. The fo]]owdng degradation scheme seems to take place (69)-

,/

‘ff;yof tuo Eou“s the primary sdte oh‘oxidata,f reaction may be the ring

' of oxidation-reduction




) inhibitors in the hydrocarbons themseives suifur compOunds in petroieum
are sonetimes potent inhibitors. though these compounds too, may be
chemicaiiy altered by microbia1 action

Aiong with ‘hundreds of different kinds of hydrocarbons :
differing in their biodegradabiiity. most crudeigjis aiso contain :
B smail quantities of nitrogenous. oxygenated and organic suiphur
compounds Such differences in composition he]p to account for great
_differences observed in the- vulnerpbi]ity of various ‘crude oiis to
}microbiai degradation | L |

SR,
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- MATERIALS AND METHODS

'*"JNaturai Reservoir Fiuids . -
Crude . Oil Heavy crude oii from the Aberfeldy field we]l

' ';'Cl 12~49 2743, was used in this investigation. The Aberfeidy crude

- 011 is a low gravity, high viscosity. b]ack oi] produced from the

G Sparky sand of the Mannville formation

| Oii Specific Gravity Specific gravities of the sampies at

:room temperature were determined using a Christian Becker Specific
"ii gravity ba]ance. modeT SG-1, Corrections were made to obtain specific .
'ngravity values at 60°F . B | -
| The specific gravity of ‘the origina] oi] used in this work |
'was 0. 9734 at 60°F It corresponds to 13.87 degrees API. grav1ty
s Surface Ten51on Surface ten31on measurements were made

Twith a Cﬁnco 70545 Dy Noily tﬁhsiometer The corrected surface

o jtension value of the g:ude oi] was 31 Oi dynes/cm at 22°C

o Oil Viscosity Cruqu011 viscosity was’ measured at different -
, vtemperatures and atmospheric pressure with a Brookfie]d rotating -
;,-viscometer, moﬂe] LVT The viscometer was- caTibrated using caiibrating
0115 SAE 20, 30 and 50. T ERPE
& Measurements of the Viscosity of the crude oii with the |
- Brookfie]d rotating viscometer indicated that the viscos1ty decreased
'»as the Tength of time of agitation of the sample 1ncreased Th |
”idecrease in viscosity was considered to 1ndicate non-Newtonian.propertiesv,- '

'pjof the crude.
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ﬁ‘ Attempts were made to determine whether the 011 was. thixotropic

or-notu To accomplish this obJective, a series of measurements were
7made at different speeds using the #3 spind]e All the measurements
were made after 5 min of agitation The rate of shear was directiy

proportiona1 to the rpm at which the measurements are made “In turn,“:

the def]ection of the needle (dia] reading) was directiy proportional f -

to the: shearing force The resu]ts of these measurements are shown in

‘ Tabie c-1 and are p]otted in Figure 1 This graph shows the thixotropic.
'nature of the crude oii _ It demonstrates that this fluid has a B

hysteresis effect in that the viscosity at any particu]ar rate of

. _]shear wiii depend on the amount of previous shearing it has undergone

No correiation should be expected between resuits obtained u51ng
‘different spindies or’ when the same spindie is operated at ddfferent
speeds To overcome this probiem. wbenever possible. the v1sc051ty
‘measurements were taken with the #3 spind]e, at 30 rpm, after 1 min sb,w N"‘
of agitation .' , A e
' It was found that the viscosity of the crude oii changes

dramaticaiiy as a function of the temperature. For this reason,

to determine the v1scosity-temperature re]ationship, the thermometer was;h :

1ocated direct]y in contact with the crude and not dn the temperature
‘ bath A : '"‘ : ( _ _' '. B o
| Figure 2 show:\the viscosity-temperature re]ationship as

- 'measured at atmospheric pressure with the #3 spindie. Brookfieid

‘tf»LVT Viscometer at-30 rpm. A tbe measurements were taken after |
1 min of agitation.- | o 1 f R ; | . | ,
Crude Oii Disti]]ations.. Attemgts at distil]ing the Lioydminster’{f'j

- :rfcrude oi] at atmospheric pressure. according to the Standard Method of
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‘.e}A s. T M Designation 0 285-52 (72) were unsuccessfui due to cracking ”f_i'pfgf.
r;fat the 1ow temperature of 96. 5°C L '; “dhx e o
A_':: . Reduced pressure distiiiations of the crude oil were performed
'Aiisutilizing the Standard A. S T M. Test. Designation D 1160-52T (72)
‘7"fiResuits of the distiiiation of the originai crude oii are presented
f:;sin the Appendix, Tabie F-I..rn ' Lo ‘

Reservoir Nater Anaiysis Chemica1 anaiysis of the formation

“mwater 1s given in the APPendix. Table c 3.i The: very high mineraiization~a}'

of the LIOydminster reservoir water indicates that it is not suitabie

" for. microbiai growth even though its pH is 6 95. This conclusion 15

”based on the observation that no Ciostridium species growth wis obtained“°ff

'when the fonmation water was used as a nutrient medium soivent "

| __ganisms Selection

“‘\‘. N The abiiity to attack and transform hydrocarbons has been demon— {1:° '
strated by many different types of. microorganisms These organisms |

‘_inciude members of fungi yeast, myceiiai bacteria. bacteria. and others.

: fffThis abiiity is particuiarly pronounced among various species of ",

’Nocardia. Pseudomonas. !ycobacterigm Corynebacterium, Brevibacterium,“ fy'
and the yeast Candida. A prime rﬁguisite for a study of microbioiogical

“'f;,hydrocarbon modifications is the presence of appropriate organisms

"“*COnsequentiy. carefu] seiection of the organisms to, be used in this work

. was’ necessary.

Indirect Hodifications of Hydrocarbons. Ciostridium‘butyiicum

S and 3 cgtobugylicum had been suggested by Updegraff’(74) to produce acids
~and gas drive in the reservoir via the fennentation of a suitabie nutrient

"--'media

CIostridium pgrggenes. C. rubrum. and c. egtic were tested
,tbecause of their vigoxous gas producing characteristics. gjgl.f];: -
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Ciostridium roseum spores were suggested by Hitzman (75) to

| '“Evdistribute the smali size spores (0 7 %1, 0 pm) th"°"9h°"t the formation." |

Anaerobic thermophiiiic bacteria were tested in Hungary by ",;a o

,;Jaranyi (76) to reduce the viscosity of naphthenic crude oi].;,. e

) 5:y7c10stridium thenhosaccharo yticum was emp]oyed in this investigation

’i*fi-for the same purpose. - f'

e

DEsuifovibrio desuifricans and Ciostridium porogene were used

| d'fhin this work to test the "hydrogenating" activities of Desuifovibrio,‘

wawith Clostridium supplying a source of hydrogen via the fermentation ;
of carbohydrates. as" suggested by C. E. ZoBei] (77)

Microbiai Oxidation of Hydrocarbons. Pseudomonas aeruginosa

- [
cells’ had ‘been shown by various investigators (78~84) to oxidize o -
'e'.rfthe Iong chainpp%:affins, isoparaffins, oiefins. cyc]ohexane, substituted

"t~baromatic hydrocapgons. naphthaiene. anthracene ‘and phenanthrene

Pseudomonas fluorescens had been reported by Fuhs (85) to utiiize R

""xfparaffin hydrocarbons.- In this investigation, Pseudomonas aeruginosa

" ATCC 17423 and Pseudomonas fluorescens A?Bc 17513 both isoiated .

T .Zofrom hydrocarbOn enrichments (86) were selected to test their oxidation

N :7’ab111ties on the Lioydminster crude 0il. Pseudomonas rubescens ATCC

12099 from an ofl emuision (87) was seiected with the same objective o

~~r,ePseudomonas oleovorans ce]]s were reported by Lee and Chandler (88)

as hydrocarbon and fatty acid oxidizers. -“'j"
| G°'d°" and Mihm (89) reported the degradation of aromatic .

e .”hydrocarbons by Mycobacterium rhodochrous ce11s.'

Skopuiariopsis koni gii ATCC 16280. decomposes ceiiulose.

~~~~~~~~

Candida __!glytica and Candida tropicaiis are species that are |
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iknown to utilize nonnai paraffinic hydrocarbons readiiy and unsaturated 3

| "nf;aliphatic hydrocarbons (o]efins) Mith 12 carbon atoms or more (91)

R Spores of Penici]lium roqueforti are capabie of converting
: ;fffatty acids to ketones according to Gerih and Knight (92) ‘ ‘h
| ,'f Nocardia species are highly efficient in converting even-and-
e-iodd-chain paraffins with equa] faciiity, and producing fatty acids that
pare odd or even depending upon the paraffin utilized (93) According
f;to McKenna and Kailio (94), Nocardia species are better suited to

' _oxidize the branched hydrocarbons than are Pseudomonads and Micrococci 'L'

""species. The microorganisms used in- studies of the transformation

‘:7-of ring substitute paraffins aimost exc]usiveiy belong to the genus

- _-.Nocardia. N. coraliina Ach 19070 and N. sa'lmonico‘lor ATCC 19140

’ '“utiiize aikylbenzens (95) N coral]ina and N petroleophila are ”d

'v“:jfknown as siow hydrocarbon oxidizers.,"

Micrococcus cerificans ATCC 14987 produces waxes from paraffinic |

; '”’:_hydrocar'bons (96) The non_yo]at']]e esters produced by the orgamsms

'Vf°ji?fdo not accumuiate in the ceil and appear to be excreted into the .

R culture medium (97) V““”l'lif .

Nocardia and Micrococcus species appear to p]ay an important

- proie ih dearomatization and rupture of the benzene ring according

b";to Van der Linden (98) Nocardia and Pseudomonas species had been .

”'f_'shown able to degrade alkyibenzenes (99)

Experiments with Azotobacter species showed that when nitrogen
:‘2ﬁefixing Azotobacter gﬂ;gggggggm,was added to mixed cu]tures. 1ess
Ll nitrogen was required for the decomposition of hydrocarbons (100)
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Davies (lOl) indicated that Bacillus subtilis and Bac1llus l

: megaterium cultures could be adapted to the utilization of phenol and

' hydrocarbons. b_‘ _ .
Vibrio sp. ATCC lll7l isolated from sewage containing gas-works

"'-effluent is captable of hreaking down aromatic ring components (102)

R | echnigues Employe 'rk-?f :‘”"_5'f'd h g v"‘_.' ~ tf

The methods described in this work do not constitute the only

~vones available.” For the most part they are the methods that have been

‘ T. found to be the most useful to- date The ‘many experimental difficulties

'that are encountered in Petroleum Microbiology present a conttant
'1.challenge to the investigator and most workers 1n the field are .‘1K
: constantly testing new methods ‘g'_ - : v o
A new microbiological technique has emerged from the work on'
o hydrocarbon substrates It is based on the phenomenon that a l;'-
'microorganism grown on a particular hydrocarbon will attack relatedr
”hydrocarbons of a more complicated strdcture 1mmediately, without
'”fhowever, oxidizing them completely, :f/' ”" “" . ," | N
| Nhile most studies of microb/al ox1dation metabolism have |
.;E tested only one hydrocarbon at a time, there is’ strong ev1dence
Y that (paradoxically) two differeht hydrocarbons may be more readily~
) i:oxidized together than Separate y '
.i Another phenomenon noted during investigations of bacterial |
f,hydrocarbon transfbrmation is the oxidation of a substrate followedﬁ—°
"~ by. metabolite accumulation in the face of an apparent inability of

ﬂ‘the relevant organism to assimilate the oxidation product “The

Jmaterials so oxidized have been referred toas ”non-growth“ substrates;

e
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Like co- oxidation. oxidation ‘of nonassimiiabie substrates may bea
widespread phenomenon in the microbia] kingdom. _

-~ Above al]. co-oxidation and oxidation experiments mean that
" the, inabi]ity to grow at the expense of a particuiar hydrocarbon'

is not a consequence of‘an organism s inabi]ity to attack the -
.vsubstrate.v Obviously. faiiure to grow may be due, then, to its in—
.abiiity to assimi]ate the oxidation products.. Inocuiating the

: hydrocarbon medium with other kinds of microorganisms which can -

' _7assim11ate the primary oxidation products often enabies the first

o species to grow. perhaps at the expense of intermediate products of /i»'f

e metaboiism of the mixed rora | ‘
) Most microbial species are highiy selective in their abiiity

. .cto attack various constituents of petro]eum and products formed

'-vatherefrom Mixed cultures con51sting of numerous species cou]d

hex

'-‘~n-noticeabiy degrade any crude oi] but most crude oi]s tested have

"<been s]owly degraded o W-.-
’ In enrichment cultures. bacteria which dtilize ofl oxidationv

ok ts are" generaiiy more abundant than those which attack pure’

‘“hydrﬁyerbons In princ1p1e, the presence ‘of abnorma] amounts of .
1gydrocar.bons wili elicit a growth of abnormal numbers. of hydrocarbon—'
utilizing organisms (provided other ordinary requ1rements for growth ‘
;are satisfied) B o ‘ _

"'1 It was proposed in this reSearch to study the effect upon :
"'products of anaerohic organisms and to investigate the hydrocarbon
;;itransformations using appropriately se]ected or cultivated organisms

‘fgrown at the expense of diverse hydrocarbons Mixed cuitures were
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 also tested with thefsaméfobjectiyesfxOxidation and co-oxidation processes"‘
- were’expected to takezplace'in the microbial tﬁansformation of the
.Lloydminster crude oil by aerobic organisms. o

Nutrient Media. Nhenever it was possible the organisms were .

. cultured in various mixtures of salts dissolved in distilled water and
1_with crude petroleum as the sole .carbon source.» Conventional organic _
nutrient media were used when the organisms were not able to grow -
utilizing the Lloydminster crude oil as the only source of carbon. Inff
-general a. suitable medium contained a. balanced mineral content,
'“nitrogen and phosphorous source such as ammonium phosphate or nitrate
'ffions oxygen, and. a pH nearly neutral Oxygen was excluded when testing :

”obligated anaerobes such as. Clostridium and Desulfovibrio species

Dispersion of Oil in Nater. Under optimal conditions the rate o

' at which most liquids and solid hydrocarbons are oxidized is limited S
jby thgir solubility or dispersion in aqueous media. PrerequiSite to s

f microbial oxidation. properly oriented molecules must come into
“ﬂ'contact with specific catalyzing enzymes and oxygen...
| f‘problem in dispersing hydrocarbons in mineral oil solutionsfso'thati
rfjfthey will be available to attacking microorganisms. _' N
: _ Certain chemical emulsifying or oi]-dispersing agents often
Hhelp to make oil more available to microorganisms by increaSing the
. y contact of hydrocarbon molecules with microbial enzymes and oxygen
‘;}In experimental work in the laboratory. all due precautions must be-
rfi'taken to avoad\\dding such chemical agents because most detergents |
;;ifand emulsifying agents are bacteriostatic in concentrations no. higher |

17¢than a few parts per million and because certain Oil-dispersing

l



"‘agents may provide preferred sources of carbon f0r bacteria. thereby
i.‘-ldiminishinq the oxidation of hydrocarbons..._ ;-5 ,_‘a. , ”‘, ‘, .
| B More rapid utilization is’ permitted by dispersing hydrocarbons
'»'by emulsification than by adsorption on soJid surfaces In systems

- ) awhere the main or. only source of carbon and energy is a hydrocarbon h;}fiffif

'”of low soiubility in water. adequate hydrocarboh-water interfacia] area

']must be provided to supply sufficient substrate to the organisms.x,.;jjffL:f”
N | In this work mechanica1 emu]sions were used to overcome the »_ f:“
. }flow so]ubiiity problem and to provide sufficient hydrocarbon-water fﬁ S

interfaciai area For this purpose. a Bel]co spinner fiask containing

'~.~both the nutrient medium and the oii substrate was placed on a magnetic

. _*stirrer and the fiuids agitated at 300 rpm. Hhen crude oi] Without preVious

- femulsion is formed Hith a relative]y smaii ratio of liquid hydrocarbon

1 chemical treatment is stirred into the nutrient medium. a mechanical

’hf_;fto aqueous medium. the hydrocarbon becomes dispersed as fineiy div1ded

"‘:~ﬂ-oii droplets in the aqueous phase. At high Proportions of hydrocarbons ﬂif"'

t . to. aqueous phase, bouever. the reverse situation is true “'the’ phases ;ﬂ;fdl;;
v7f'are inverted so that fineiy dispersed drop]ets of water are suspended o
,_;j;in the hydrocarbon. Microorganisms can grow under either situation
', f'There is a tremondous increase in the contact area between the oii and

‘dthe water (oil-water interface) as the oiT is broken up into smailer

v;}‘droplets. For example, assuming that 200 mi of oi] is broken up 1nto

- ',spherica] droplets having a: radius of 0.5 mm (a very conservative P
‘fhffassumption). a total interfaciai area of 21.500 sq cm-may be ca]culated fi;i.ff
}»‘This area compared to the origina] interface of 33 $q cm\indicates o
- the magnitude of the increase in contact area that may be obtained US1ngfﬁf*”ov
| ”~hthe Belloo Spinner flask Since microbiai grouth is an interfacia] e

] »



"ii}ﬂdireCt Modiﬁcaﬁ“'s of "‘M’rocarbons g ST

, .'.',f ':. Single culturesm of the fonow'rng anaerobic organi sms were tested

':_:1"':'at different times 'lostHdium gomgenes arée. 7955. c _ssp_t_ls_

"*'ﬁl..--_zAch 6008. c..rubrum ATCC 14949. c n_m Arec 14950. c. fosewn ATCC

Thiagaycnl‘l-ate Hediun smer nodmed san. nns was u$ed ats
th' fhe 'nutrient fsmedium

d;“’ pensed in a 2

itre pyrex
The :

aspirafor (out]et f'orlhltuh 'ng

I

;17797, c. gnc ATCC 14823 and c cetoggncum ATCC 824. :’;, j?‘_




ntros .;,1nto_the experiment.v.

The crude 'o‘” |

‘c Talhp ”ff" the bottom rubber hose.
the reatment, crude oﬂ sgm'tes were co'tlected to detemme Co
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composition due to thevaction'of‘thewbaCteriaT metabo]ic\products.

o “When the test was completed’ crude'oiT samples from the top"

. and the 1nterface of the e&periment were spread on Agar pTates to
determlne the presence of’ Tiving organisms in these regions. ‘The_
plates were incubated at the same cond1t1ons as the original exper1ment

‘The coTonaes grow1ng-on the pTates were asept1caTTy smeared. on i
mlcroscopic sl1des, Gram $tained, and exam1ned m1croscopica11y for '

typical bacter1a1 morﬁho]ogy and Gram stain character1st1cs 1 @

' The apparatus emp]oyed to Sstudy the anaerob1c mod1f1cat1ons

) of hydrocarbons is shown in PTates T and 2. PR |

Mo]asses was 1nVest1gated as a poss1b1e commercia] nutrient -

rtmedtum To determ1ne the opt1mum concentrat1on, soTutions of 1% tov‘

5% moTasses 1n d1sti]1ed water were prepared Test tubes conta1n1ng

5 ml of each dllut1on were aseptlcaTTy 1nocu1ated with’ dwfferent

'XCTostr1d1um spec1es To ach1eve aruerob1c cond1t1ons, the test 'ﬁT.

tubes were pTaced 1nto a GasPak anaerobic Jar BBL 60645 and 1ncubated

‘>‘:at 37°C. The resuTts of th1s investigation are shown in thedhppend1x,_'v
'-TabTe E-1. :“f; R i,“ - ,_{f*d o | s |

Fy 2% molasses solution was used as growth med1um for CTostr1d1um

.thennosaccharo]ytlcum ATCC 7956 in the presence of crude 011 fThe
organlsms were incubated at 45°C “ '

A fehmentable substrate for the growth of C]ostr1d1um roseum

ATCC 17797 was prepared as. foTIows 30 mT of mo]asses were added to a. -
ster1]e-501ution of KN03. 0. T7 9y Na3P04, 1. 5 g; CaC03. 0. 5 g, dist111ed
-.kwater 980 mT < The organisms were: 1ncubated at 37°C in the presence 45663
;.d:of crude 011 using the same equipment and procedure described before | S

o . i . R

o .
Lo “
Te Mt
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A mixed cuTture of Desulfovibrio desulfricans ATCC ]9444 and

Clostr1d1um gorogene ATCC 7955 was tested in the presence of 011
Desulfovibrio’ desu]fricans medium with 3% NaC1 (103) consisted of:

o peptone 5.0 g, ‘beef extract 3.0 g, yeast extract 0.2 g MgSO4 1.5 g,

y Na,S0, 1.5 g, Fe(NH4) (504)2 0.1 g, gTucose 5. 0 g, and tap water
- LoL. | o

i’ --Thelorowth of SOme Clostridium'species was studied'Tn the
.presence of certain paraff1n1c. naphthenic. and aromatic hydrocarbons,
.a as well as some disti]led fractions of the Lloydminster crude oil.

| The results of this study are shown in the Append1x, Table E-2.

. Treatment of the Samples

Aptical Dens1ty Detenmination._ The opt1ca1 density deve]oped

.. from the medium by. the bacteriaT growth was read in a Bausch and

'Lomb colorimeter-spectroghotometer.modeT Spectronic 20. at a waveTength .
3 .

| of 600 my. Matched tubes were empToyed for the best results. To
accompTish this objective, a solution\of CaC1 6H20. 2.0- g and 100 m]

"‘; of HC1, 0 3 M. was prepared and used as standard

, gy g n Ion Concentration.. pH-measurements were taken to -
“an- accuracy of + 0 05 using a Beckman Glass ETectrode pH Meter,

d_gmodel G. The pPH electrodes were steri]ized by washing with 500 mg/]

'.Jf'sodium hypochlor’!L for 10 min fol]owed by. rinsing wvth sterile

disti]]ed water _ . )

Surfaée Tension. “gurface tension measuréments were made

~ with therDu Ndhyatensiometer Surface tension of the sampTes were
'usualTy determfnedEat722°c. The measured surface tension read1ngs
" were corrected using the density correcggons of Zuidema ‘and Naters (104)
m graphica'l form.. ge platin\m-iridium ring was sterﬂized by o
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rinsing it in chromic acid for 5 min followed by heating in the
oxidiaing portion of a gas flame. '

Gas Chromatographic Analysis Gas samples were qdbntitatiuely

vanalyzed in a Beckman G- C 4 gas chromatograph Response factors (105)

were utilized to obtain quantitative results from the gas chromato-

L

graphic analyses.

Microbial Oxidation of Hydrocarbons o

Single Cultures. - Single cultures of Pseudomonas aeruginosa

ATCC l7423 Pseudomonas fluorescens ATCC l7513 Pseudomonas -rubescens

ATCC l2099 and Pseudomonas oleovorans ATdE 8062 were able to grow

utilizing the Lloydminster crude oil as the sole. carbon source in
the follow1ng mineral salts distilled water solution (in grams per
d litre): KZHP04, 0. 5; MgSO4, 0.5; NaZHPO4. l 0 NH4Cl 0.5; and

NaC1, 4.0. The constituents “of the medium were sterilized at 12l°c
and l5 psi for 20 minutes. The final pH of the medium was 7 0

‘ The nutrient medium was dispensed in a. 500 ml Bellco 3007 water'

jacketed spinner flask in 200 ml aliquots. - In utilizing this flask
-the incubator was unnecessary since the inqubating temperature was .
- supplied to the culture by a ‘constant temperature bath and c1rculated
v through the outer jacket using a Haake R 2l thermostatic c1rculator
~ The flask was placed on a- Corning PC-353 magnetic stirrer The

. nutrient medium with the oil substrate was agitated at 300 rpm Air
" was injected by way of the double sideanm.“

The Bellco spinner flask with the nutrient medium was cooled

' at room>temperature, Then. 200 mﬂ of gas free crude oil was introducedﬂ S

| into the experiment. - The medium was aseptically inoculated with
: _'the culture of the test specie using l 0 ml of a 24 hour grouth
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in the'same mediumV fThe systemzwas incubated at 26°C 1n'a11 the Cases,'
h excapt the P. a eruginosa species which was ‘incubated at 37°C.

The organisms were allowed to grow. for 10 days.

Culture aliquots of 5 0 ml were withdrawn every 12 hours to

observe the changes in optlcal denslty and pH Culture and oil samples

' '-were analyzed using the equipment and . technlques de3crtbed 1n the ::- SN

vformer section. The equlpment used to study the mlcrobial oxidatlon ,f*'

L 0

o of hydrocarbons 1s shown in Plates 3 and 4';' ;f.f | u_' B

A test using MyCQbacterium rhodochrous, which have been reportedt:f

.. as able to gn at the- expense of mineral salts solution and petroJatum :

"gas the only rce of carbon (106), was performed The organisms were

- grown in the original synthetic salts medlum consisting of NH4Cl 0 5 g,
| (NH4)2504. 0. 05 g; NaCl, O 4 g, MgClz. 0 l g; NaZHP04. 6 g,,KHzPeu, 3 g. ;'
and distilled water 1.0 L. The medlum was addusted to pH 6.9- 7 0 uswng

a sterile 0. l M NaOH«solution and Was steam sterllized Flasks of 500 CJ -

ml with wide mouths and plastic screw caps. were employed to test the f-"

i Lloydmlnster crude ofil in the presence of single aerobic organisms at

'a 30°C incubation temperature. The crude oil was flnely d1spersed

using a magnetic 3t1rrer. ‘The bacterla cells were able to grow and to. .

atssl*degrade the erdﬁe oil’ employed as the sole source of carbon

Scopulariopsis koning__.ATCC 16280 was also able to grow ut1l1z1ng |

L crude oil as the only source of carbon tn the followlng m1neral salt

--;fsolut1on (1n grams per liter of distill&d water) MgSO4, O 53 4Na2HPO4. . i

=.v;1 05 xuzpo4. 0.5; Nnhnos. 2 5; and Caco3, 5.0:° The pH. of the med1um

ffﬁjjwas adjusted to 7.0. and the system—wasrincubated at 26°C.
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.
_ The fo'nowing single cu'ltures were tested in the Be]'lco
. spinner f‘lask Candide Hpo‘l_vtica ATCt 8661, Candida tropicelis
,;(Monilia candida) ATCC 1369, and Pen1c1111um roqueforti Ach 0987

Tripticase soy broth BBL 11768 wes used as nutrient growth mediun. The S

‘:fina'l pH of the med1um was 7. 3 A'I'l the cultures were tested at 26°c

~in the presence of crude 3} |
| Mixed cu1tures. The fonowing mixed cuTtures were tested

using the same equipment and procedure employed for the sing'le

'cultures"w' B T o

. Mixed culture #'I Pseudomonas -ﬁuorescens ATCC 17513, 1

| g mcrococcus luteus ATCC 14408, 0.5 ml Bacillus subtilis NCIB -
‘V 8640, 0.2 ml; Nocardia _hydrocarbonoxyﬁns ATCC 15104, 0 2 m'l. and

s :'Azotobacter chroococcm Ach 7493. 0.5 ml.

M'lxed culture 12. Pseudomonas fluorescens ATCC 17513 'l 0 ml. >

.'“’;Micrococcus parefftno Jticus Ach 15582. 0 5 ml Nocardie coranina
- RTCC 19070, 0. 2m; Bacmus mater'lun ATCC 14581, 0.2 ml; and

| _Azotobacter v'lne‘landﬂ NCIB 8784, 0.5 ml. |
mxed cu‘lture #3 Pseudomones o'leovorans Ach 8062. 1 ml -

'-,','_f.Nos;erdia salmon'lco'lor ATCC 19149. 0. 5 nﬂ ﬁ!'lerococcus cerificens
R ‘_‘Am 14987 ‘0.5 ml; “and Azotobecter vine’landﬁ NCIB 8789, 0.5 ml.

, M'lxed culture 34 Pseudomonas eeruginosa ATCC 17423, 1ml;
Nocardia petmeopbm ATcc 15777. 0.5 m1; ‘and- vmﬂo sp. ATCC mn.f

, The nutrient egar Difco 001 was used as a growth medim for "
ali the mixed mtures The fml pH of the medium ws 6. 9and

the incubetion tlnpenture \ns 26'(: for nixed cu1tures , #2. and D

#3, A temerewre ef 37‘5 wes %qutred fowatxed culture M

L.



_ Mixed cuitures f, #2. and #4 were tested in the’ Belico water
1mjacketed f]ask in these two manners agitating the iiquids to -
B promote surface absorption of air or bubbiing air through ‘the 1iquids
| In the first case,. both sidearms were plugged with non absorbent
cotton In the second one, the doubie sidearm was used to inject '
.fair into the system o | |
| Crude oi1 sampies were vemoved after 30 days of treatment /
Mixed cuiture #3 was tested using the 2. 0 L bottie aspirator .
empioyed for the growth of anaerobic organisms P In this case, a .
| nitrogen purge was not necessary and the top valves of the probes‘were e
. opened, after 24 hours of growth and gas sampTing. to inJect air 1nto
~ the system | | | o o
| , Culture aiiquots of 5 mi were withdrawn from the bottie aspirator
:-every 12 hours during the first 5 days of growth to determine the
‘“f.changes in opticai density and pH The crude oii was removed from t'

v,the fiask after_30 days of treatment__

',i wEnrichment Cuiture | o | |
'-i | The basa] medium for growth of the organisms consisted of the
Afoilowing (in grams per liter) KzHP04 anhydrous,o 66 KH2P04, 0. 41
3MgCI 6H20 0. 10, “FeC'l2 4H20 0. 05 MnClz 4H20, 0. 002, and (NH4)2502,
A 1 0. The final pH of the medium uas 6.9 and the medium was steriiized |
'. for 15 minutes at 121°¢ and 15 psi - . ;j |
I Enrichnent cuitures were ‘set up using Lloydminster crude oil as:'?

1 iffthe soie source of carbonsl The basai medium was dispensed ina

'__500 ml Bellco spinner flask in 250 m) aiiquots and 2 ml of crude oi1
. was. added The medium uas. inocuiated with 0.2 g of biack soii taken_
: from the Liqydntnster refinery The flask was piaced on a magnetic |
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k .stirrer and the fluids were agitated at 300 rpm. After incubation for .
3. days at room temperature. 5.0 ml of the mixed microbial cultures were
transferred to fresh medium, six transfers at. 4 days intervals using ‘
-2 percent inoculum,and‘Z percent substrate followed the initial transfer.
g Pure.culturesawere obtained'from the crude oil_enrichment |
:: cultures'by streaking one loopfulvof the_enrichment~culture on-a sterile
basal medium oil-agar plate. The carbon source was suppliedfby adding
:0 2 ml crude oil to 15 ml liquid agar at 46°C in 2 x 15 cm test tubes
The oil was dispersed by rotating the tubes 1in a rotary shaker The '
contents uere immediately poured into precooled petri dishes The '
platés were incubated in an inverted position for 3 days at room ;[‘
f temperature (approximately 22°C) Single colonies were picked and
transferred into 250 ml Erlenmeyer containing lOO ml _basal medium

and 2 ml’ oil The flasks were . incubated at room temperature on a rotary

--,shaker Operated at 300 rpm. Purity of the culture was confirmed by

’;;che repeated streaking onto oil-agar plates and gram staining
, Stock cultures were maintained on sterile oil-nutrient agar
: -petri dishes and uere transferred every l5 days. storage was at”

refrigerator temperature. Uiquid culture for inoculum was maintained -

. 4in lOO ml basal medium of which 2 percent was. Lloydminster crude oil

To test the effect of the enrichment culture upon. the physical .

“';_properties 'of the crude oil. 300 ‘m of basal medium and 200 ml of ‘

crude oil were dispensed in a 500 ml Bellco spinner flask and aseptically

'inoculated with l ‘ml of the destribed enrichment culture The,doublei

- sidearm of the»flask was plugged with non absorbent cotton After”lo'

,-j/f days of incubation at room temperature, the crude oil was removed to
f<f7;7determine changes in its physical properties | Reduced pressure

| distillations of the oil were carried out after the>treatment was f"”‘
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performed in;order to“observe-any possible changes in the chemical

ncomposition,

_ Bacterial Re]ease of 0i1 from Athabasca Oil Sand

Fifteen grams of AthabaSca 01l sand were p]aced in 2, 5 X 15
,cm sterile test tubes.: Thioglyco]late Brewer Modified BBL was used
to test the probabie presence of microorganisms in the oi] ‘sand.- For
-this purpose 10 ml- of Thioglyco]late was added to each tube containing |
the oil sand sampie. The tubes were tested under both aerobic and

'{ anaercbic’ conditions at 37°C Anaerobic conditions were' obtained 1n n
, _'the GasPak anaerobic jar‘u51ng hydrogen and carbon dioxide generator N
- enveiopes (BBL 06- 112) A so]ution of methylene b]ue in Thioglycoliate'~

. Was empldyed as anaerobic indicator. S d‘ | '
. Oil re]ease was obtained 1n 20 hours under both aerobic and
strict]y anaerobic conditions. A vigorous gas producing bacteria was
observed in both cases. One loopful from each cu]ture was streaked
on a steriie agar plate and 1ncubated under the same originai conditions.‘
Individua] colonies were obtained in 20 hours The coionies exhibited
a white color. ° The growth was moist. giistening and abundant 1n |
'-appearance. Microscopic examination reveaied that an the co]onies-
'jwere Gram positive cocci : | '
| _ - To analyze the produced gas, 50 g of oil sand and 200 m] of:‘
A‘jvThiogiycollate medium were incubated at 37°C in a sterile aspirator.

- bottle. with the gas sampg;;>used to test the indirect modifications of -

'_;hydrocarbons. “The air was evacuated through the top valves uSing

| : a’ vacuum pump for 4 minutes.- Gas samples were obtained after 24 hours

' ';“of incubation. N j;'ﬂﬁ'" o

Cu]ture aiiquots of-5 ml were withdrawn every 12 hours to
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’”p observe the changes in opticai density and pH.: In order to-deternnne

thé changes in surface tension of the medium, 30 g of oil sand and 30

- ml portions of the medium were placed in steri]e 200 ml beakers and
incubated at 37°C under both aerobic and anaerobic conditions '//

Neither bacteriai growth nor o1l re]ease from the oil sands were
obtained at room temperature (23°C) The organisms were unsuccessfuliy
tested at room temperature for oi1 release from the oil sands. o

In order‘to test the probab]e presence of - su]fate reduc1ng bacteria.

f.the foliowing Desuifovibrio medium (107) was prepared peptone, ‘5.0 g;

‘”"beef extract 3. 0 g. yeast extract, 0. 2 g Mgsoq. 1.5 ¢; Na2504. i.s,g,
E .'Fe(NH4) (504)2. 0. 1 {'H giucose 5. ) g. and tap water, 1.0 L "The pH was
‘adjusted to 7.0 uSing a steriie 0. 1M NaOH so]ution Hith this nutrient

medium, oii release from the oii sands was obtained fo]lowing 20 hr of‘

‘ incubation at 37°C under both ‘aerobic and anaerobic conditions

A semi-soiid Desuifov1brio medium was prepared by adding 15 g off

'agar to the Tiquid medium One loopful of the organisms grown in Thioglyo- ‘

~collate and Desu]fovibrio medium was streaked on a steriie Desuifov1brio.

' medium-agar piates and incubated at the same- conditions In both cases,

white colonies: appeared in 20 hours No biack coionies (i.e. no sulfate.

) reduction) were detected even after 5 days of incubation

i Suifate reducer A.P.I. BBL 11675 medium was unSUccessfuily tested
for the growth of naturaiiy occuring organisms in the 011 sands Neither

growth nor oil reiease from the sands were obtained with this medium

:AiThe composition of the medium was the foliowing (in grams per 1iter of
“distilled water) yeast extract. 1.05 ascorbic acid o 10; MgSO4. 0. 205

. :_KZHP04. 0. oi Fe(NH4)2(SO4)2, 0. 10; and Nati. 10.0.. The finai pH of the
| medium was. T \ ST o

5-"‘
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A

An Euronbroth BBL 11235 medium was tested under simi]ar aerobictnuj

conditions. Part1a1 success in bacterial growth and oil release from

Lion at -37°C-."

the sands was obtained after 30 hours of Incuba
_:medium. Solutdons ranging from 0 lgg‘gj" f“ nt mglassts 1n
distilled water were tested. Baéte X ;_;. oil r lease were

obtained in ‘the range of 0 2 1.0 percent.uty j°c under both aerob1c :""'
. “and anaerobic conditions. Jisi r | ' | ' | R

W f» To determine the bacter1a1 011 release mechanism. 15 g samples -

: hof Athabasca 011 sand -were Placed in 2.5 x 15.em tubes and steam ster1-’“rfh
i 1ized for 30 minutes at ]21°C and 15 psi. After coo]ing at room. L

‘temperature, Thiog]ycollate and Desu1fov1brio medium were added in

‘15 ml aliquots and incubated at 37°C No growth 1ndicat1ons were - |
A:observed after 48 hours of 1ncubation The NEd1um was then asept1ca11yfjt:i
inoculated with the organisms 1solated from the oi] sands in-the e
“oorresponding_petri dishest Pos1tive bacteria] growth and 011 |

"release'resuitS’were‘ohtained,after‘24 hours .of incubation.

“'

”;er1¢a1 nutrient .vﬂlf.f
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lndirect Modiﬁcations of Hydrocarbons T
iEs The effects on the physical properties of the Lloydminster

crude oﬂ cauSed by meta 4 “',jﬁv'c products of anaerobic organisms are
sumarized in the Appendix. Tab]e D21: BN T T
R Relatively s‘light oﬂ viscostt,y reductions were ob’_,:ined after :
the treatment with Clostﬁdium sjs_oro enes ATCC 7955 The chang.,,v._,_u" » -
%specific gravity was a'lmost negligib‘le.:.; -_;; ST R e

Considerab‘le changes in the oﬂ viscosity were obtained o

:]fgﬁf?the 011 viscosity after ‘the bacterial treatment uith c1ostr1d1um ‘j:3gfﬁfff‘
pgrogenes and C‘lostridium roseuu. I O S TGy A

CIostrid‘lun roseun cu‘ltures were grown in Thiog]yconate Medium p :

| the lhterials and Methods section, The sane 1 ‘f’fact" .for-' the oﬂ viscosity
was obtained in vbothfcases. d%sregarding} th . ‘
L Tbe othen:Q_o_s_tL____mm;peoies tested 1n this work yielded ‘
~.-j"'-'::5h'lghor}oﬂ vfsoosity va-l'ues hanthe origina] ones. Al‘l the stra'lns |

: presenee ‘of tbe chemicals

eonsisten 'mantati‘on pattern Evd'lution of fementation
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%7 Figures 4 and 5 show the pH and optica] density variatwons

corresponding to Clostridium g ggenes and Clostridium'roseum cultures.-;’

_In general. a, decrease in pH was obserVed fol]owing bacter1a1 growth

7,10 x 108 cel]s per ml were determined for the Clostridium roseum

. ;‘culture using the P1ate Count technique at the end of the test ié_"
. 'e.‘ : Evo]ution of fermentation gases through the petro]eum substrate B
- mixed the cu]ture medium with the crude 011 C]ostridium ce]]s grow1ng

'}.at the top of the crude

S

1 were detected hy streak1ng one loopful’of

W

‘

- ResuIts of the gas chromotograph analysis for C]ostridium roseum L

3%_01] on a steri]e p]ate count agar petri dish
Ko
1

Cu1tures with and without the oiI substrate. end for eiosgggdiuntsporqunes
ﬁwfcuitures uﬁth the 011 substrate. are presented in Tab]es G—], G 2, and -

*1'G 3 Resul}s of th “egu“gd‘pressure disti]lation of the crude 011. L

;3”
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! 'anaerobic organisms

: methane, e. g

58

i} "Clostridium roseumwtures without a crude of? su&strate showed that
 the principa] gas produced is carbon dioxide with on]y 15% hydregen
_Hydrogen. however. was not produced when the organisms were tested in -

the presence of crude oil. Jarany1 Yarbrough and Coty (108) have also |

‘reported the absence of hydrogen in field experiments uti]izing

Y

Hydrogen was a probab1e reactant 1n the bacterial formation of

\@~

o CO + 4H2 —-—* CH4 + 2H20

- According to ZoBe11 (109). the microbia] formation of any .

,fgaseous hydrocarbons other than methane has not been reported with

heconclusive proof.e For this reason, tbe ethane production durin?%ahe
'-_growth of CIostridium §poroggnes and: CIOStridium roseum under the

."conditions deScrfbed in"this workt 1s rather important.,';ff:,': e b

NS
BTN

g

In- the gaseous fbrm at hxgh pressure. carbgn dioxide is, very. o

[

’soluble in oil.c Dissolving reasonable amounts of carbon dioxlde in “ﬂ A't.

oi] lowers its viscosity from 10-100 ti (110) ,
Since the indirect modifications of crude 011 exper1ments ‘f"'

,reported 1n this work uere conducted at atmospner1c pressure, onﬂy

“M@mmmummwmmmmwmmmummmfm?

':b{fthis reason. the louering 011 viscosity effect obtained uith Ciostradium?:i‘
e $po gggg s and udth Clostridium ggm cultures could be attributed to ;_7_

“‘“ffFothereexcretion products. for instance. the presence of detergents

; or the fomation Of organ'lc cmuhds. In W Clse, ‘lt represer[ts .
| i-’;an instance of hyd'°°"b°“_m°difidiﬁion as revealed by %Pe reduced
':;;:fpressure distiIlations. s =
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| The presence nf carbon dioxide, methane and other metabolic -
gases is very //significant in bacteriological oii recovery. Produced
microfoci of geses are distributed witnin the formation thus exerting

| an interna'l diffuse inﬂuence ratber than as a front. Laboratory

“’”‘ oxperiments (}11) demonstrate that recoVery of oii by waterfiooding
30, after gaseous fementation of a shitab'ie n!l!i'ient medium is consistentiy

greater than oil recoVery uith piain waterﬂooding ’/ SR
The sole presence of carbon dioxide in bacteriological oil

o recovery could be Very important in. lowering the ofl viscosity at
reservoir cond'ltipns of pressure and temperature. | Simiiar effects S
could aiso be obtained under artificia1 cenditions of watorﬂooding *

tbe 'Iight oi’ new data found by other investigators.

Let us discuss tbe ro'le of carbon dioxide and the presence of a

Y S B

free gas pbase in the displacement of oi] by’ .uater in norous media in

: Fazii (112) found tbat tbe Lioydninster,.crude oii viscosity _
(1160 cps) was reduced to- 30 cps when oil uas saturated witb carbon 73_ o
dioxide at a- pressure of about 1000 psia. He also showed that - '
carbonated waterfiooding seemed to change s’lightly oi'l-wet or

o neutral sand towards a preferentia‘ny water-wet system e
" De Nevres (m) reported that disolving carbon dtoxide” ’ S
in ot1 chuses the 11 to swel1 by about 0.35, bbI/MSCF of arbon 7
dioxide dissoived If residua‘l saturation is obtai.ned witb this '» o
swollen oii the net alnount of h.vdrocarbon 'left behind ni'l'l be less. "

1n eff'ect. some of the oi‘l .volme wi'H be fil‘led with carbon dioxide




v 1n the porous medium appreciab'ty reduces the effic‘lency of the CO2

»

‘\!

. W )

The economic field process of oi‘l recoverx by, cacbon dioxide
invo}ves a carbonated water s’lug. fonowed by plain water or a s]ug
of pure carbon dioxide followed.by plain water. DL : ' |

Ho]m (114) found that neither the presence of methﬁne (up to o

15 percent voluine). in carbon d1oxide slugs nor a himas"%aturation '

carbonated water processes | .
Kyte et a'l. (115) found that 1n water-wet rocks, the residual
oH saturation obtained by waterflooding 1n the presence of a free gas |

phase are appreciab]y lower than those obtained’ in the absence of

'- gas. They also suggested that in preferentia'l'ly oi‘l-wet rocks the ‘

reduction 1n oﬂ saturation?zaused by a. trapped gas depends upon ,
the rock pore structure, the oﬂ viscosi ty. and the water throughput

| Craig (116) reported that 'ln oj]-wet rocks the effect of an o
initia'l gas saturation 1s to reduce the 1njected water volume required .
“ to. attain any oil recovery. e o , " '

- Carbon diox'l,ge has not beam employed as the so‘lvent agent
because of the prohtb,itive c.ost to' lna(nufacture or transport it to
the reservo'lrs whm,ﬁsct:oﬂity cou'ld be obtained Takfng into -
account that carhon di‘oﬁ\de, hydro _'_f.;.z-methane. etc. . are produced as -

posipeLs of micrs :&‘lsmd‘ and the Iact that
methane and hydroge_'_i_' are relatively inm'lsci‘b’l‘ejtni,crude oil at mgh
pressures (i.e. 2000 psi and*150°F) hacteﬂ\ﬁraseous fennentation
of comerc‘la"r'ﬁﬁfrtnt med'la foﬂowed by forn.lat'lon waterf‘loodirg

appears to be worthy of investigat‘ion for oﬂ recovery from relatively

homogeneous‘ high permeabﬂity formations, contain'lng h'lghly viscous

crude o'l‘l. ‘
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Knowledge of the»chemical composition of the water accompanying

‘:.;the oil in the fonnation 1n which introduction of bacteria is intended

p]ays an important ro]e in microbiai oi] recovery The Lloydminster -

vformation water was analxzed and tested as a solvent medium for selected
‘:‘nutrient media._ The chemical composition of the reservoir water is

"”presented in the Appendf& Tabie C~3. It shows a high mineralization

,f;of sodium and calcium salts Attempts to utiiize the reservoir water as.

ﬂq soivent medium for Thiog]ycoiiate Medium Brewer Modified fai]ed

f;.because of the fonnation of inso]ub]e precipitates. lf

E :oil as the sole source of carbon. Similar resuits;were obta

‘efc'c:bacterium rhodochrous and Scopu]ariopsis koningii ATCC 16280

,;ngicrobial 0x1dation'of Hydr0carbons

Pseudomogg species proved their abiiity to grow utilai ng crude ‘
for f". -

'*fqlvcobacterium r :dochrous imparted ? brown pigmentation to the |

_EQC?"dG oft’ and Produced a very Stable sa]t medium-oi] emuision. ViscoSity

f-;measurements of the resu]ting emulsion showed a tremendous increase |

-edwhen compared with the origina] oil viscosity o

‘One of the main prob'lem,s in the- study of microbia] modiﬁcations S

;‘of hydrocarbons Was to find an organism abie to oxidize crude oii at a
,ffaster rate than the evaporation of the light fractions. Aithough some

s'1ndividual species of microbes are cababieaof,ittacking a variety of

f:{its origina'l viscosity

a Qreat variety of petroleum components.; Mixedvsaprophyte cuitures have ‘>,{g
:_been reported (117) captable of "digesting crude oii thereby Iowering '"”fi

fthe oi]lviscosity and the original[specific gravity were increased,

* s‘r;vf'-



o Figure 6 shows the hydrogen ion concentration and the. opticai
density variations for mixed cu]ture #3 A siight decrease in the pH'

f vaiue was observed during the finst 48 hours foiiowed by a continuous

.increase up to a 9 5 value in 8 days. Sma]i decreases in popuiation )

. were assumed from the opticai density curve after the fourth day of

: ehgrowth The presence of a mixed population was verified by streaking»"
_ 'one ioopfui of oil oﬂ?steriie piate count agar: petri dishes o

'ﬁldémbll Table D 2 of the Appendix presents the effect upon the physicag
‘{*fproperties of the Lioydminstd?*crude oiT caused byfexcretion products

',i,and/or petroieum utilization of aerobic organisms tested in thisfwork

'-,ﬁIn generai. Jncreases in both the specific gravity and the 011

,fi?wiscosity were obtained afteericrobiai activity Tabie G-

-'f_shows the results of chromatographic analysis of the gas produced by
| :”the organisms of Mixed CuTture #3 in.the presence of crude oii |
,r,;Nitrogen and oxygen were present because of the aerobic conditions
j-w;of the experiment Therefore. the actuai gas produced was carbon.i”';i:‘:
‘f};dioxide as 2 consequencd of aerobic respiration by the organisms ..i |
S The indrease in the oii s specific gravity couid be the resuit }
.f}fof microbiai utiiization of the Tight {paraffinic) fractions and/or -;fdf
1€ﬁevaporation of the more voiatiie components.- g f N ,,,f b B fpi |
: | Tab]es F-4 and-¥¥5 of the Appendix shqu.the resuits of reduced

= pressure distiilatiOns of the oi] foiiowing treatment with Pseudomonas
a eruginosa Ach 17423 and mdxed culture #3 respectiveiy The action
ﬁﬂiof the bacteria resuited in a decrease of the Tighter fractions and
‘;ifan increase in the number of heavier components.i The increase in
1;¥ithe number of heaviwrxcomponents seem.to be- due to the microbiai
'1:;oxidation of hydrocarbons yieiding components of greater moiecuiar weight
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During the in1t1a1 m1crob1a1 attack process.an oxygen atom. 1s
- 1ntroduced 1nto the hydrocarbon molecu]e. This is an 1mportant

| consideration because the unique characteristics of hydrocarbon
f/oxwdizing organisms appear to be a550c1ated main]y with their ability
to bring about the 1n1t1a1 attack on the mo]ecu]e, Thus many micro-
-organlsms can attack the resu1t1ng oxygenated products.. The degradation :
. of hydrocarbons after the 1n1t1a1 oxidative attack seems to fol]ow 3 |

'“the general metabol1c pathways common to ‘many organ1sms The'effects

‘j on ‘the phy51ca1 propert1es of the L]oydminster crude oi] after the

T“treatment using aerobic organ1sms are summarized in the Appendix,
':;Table D-e, Measurements of the 0il viscos1ty under the same condit1ons
'iof agitat1on and aerat1on as those employed during the microbial
‘ ;ox1dat1on of\ ocarbons are also 1nc1uded ’ v o /
m‘.ﬁ*-f The 1ncrease in 011 vjscosity after the microb1a1 act1on cou]d
'T'be exp1a1ned as a resu]t of emuISIfied oi] and/or oxidat1on of |
-h_:hydrocarbons y1e]ding componenttkﬁﬁth higher molecu]ar we1ghts. B
| ;v;§ﬂ; HEQArdless of. which type of fermentation 1s being cons1dered,
4,the 1n1t1a1 steps of enzymatic attack on the hydrocarbon mo]ecu]e
Z}fzusually 1nvo]ve an oxrdation to an alcoho], fol]owed by further y
t;ifoxidation to an aﬁdehyde and f1nal]y to an acid Thus. fatty acids of v” :
'f.var1ous mo]ecular sizes often are encountered among the microbial R

- prOducts of hydrocarbon oxidation Esters of a]cohols and fatty

;fﬂ ac1ds a]so are commonly present.;?The fatty acid salts serve as
3j,femu1s1fy1ng agents although they also may be further degraded

Solid substances. inso1uble in both the water and the oil

;i;phase, can also act as'emulsffying agents De Groote (118) o
"}ﬁmenttonad that so]id asphaltjc matters or fine1y divided tarbon~can 3 :7{{ff

‘;féact as’ the” anmon solid emulsifying agentsrfound 1n crude otl
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The viscosity of oi] emu]sions are genera]]y greater than the ‘
.original crude oi] Emuisified 01l increases the viscosity of the o
.‘originai crude This is a. resuit of the large interfacial area |
Qbetween the water dropiets and the oii phase The water droplets
‘tend to act like soiids thereby increasing viscosity
Mixed microbial popuiag}ons seem to be much more effic1ent

in the oxidation of the L]oydminster crude o1l than any" particu]ar

"r,.mICPObe. Despite this certain petroieum components are more reSistant

- to decomposition by microorganisms ‘than others. .The 51tuation is

”further compiicated for the Lioydmisnter crude 0il because of its

-5,
e

; ]'naphthenic characteristics. | . |
_ : Thousands of different compounds w1th varying degrees of
| :chemicai inertness cou]d be present in- the asphaitic crude 011 used
'.lin this work In addition. some of these compounds couid act as

:, ttmicrobial inhibitors ‘.;;;_._;_:‘V;;.r;f;;ngﬁﬁﬁ”:*

"'fEnrichment Cuiture ;;: i S , . '
A potent, oii degrading, bacteria was isoiated from Lioydminster N

.HQQArefinery soi] by empioying the enrichment technique Piates 5 and 6 _}':'

'fﬂigﬁicroscopic-examination shoued th _;j'st of the white co]onies ware

7*ﬁsfcoionies

i”]iiiustrate the development of the oii-degrading bactzria on crude-'
{‘ff;agar piates. | ‘_ o : ‘ ‘jt R v
” The isolates exhibited white coionies with occasionai yeiiow :

The grouth was moist, giif"' ing and abundant in appearance

nuyf;Gram-positive cocci with 0ccasiona1 Gram~negative baciiii. The yéq%ow‘?

.were"observed Gram-negative straight and curved rods. Piates

.}kfty and 8 show photomicrographs of tbe isoiates
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All the enrlchmentlcultures were examined for changes of pH 1n
f;the medium and Gram stains were made periodicaIIy There was a marked
g}loWering of the pH shortly after each trans?er after remaining at
f'approxtmate1y at pH of 6 0 for,a brief period. the medium rap1d1y S
'became alka'Hne. ‘. . RSN \
o No attempts were made to 1solate individua] coIonies but %*;

E rather to majntain a mixed popu]ation that quite readi1y oxidized the
Ejhydrocarbons and exhibited a predictab]e growth One m1 of the S1xth

usgg to inocu]ate the experimenta1 vessels..

fﬂtransfer cu]turuﬁtﬁu B
L Rfter ) .‘f treatment in the presence °f the enrichment

chu1ture, Ihe L1oydminster crude oi] showed’the fo1]owing characterist1cs3;i'*

e ‘t}° | Origjnal Crude After Treatment o
jfﬂ’_Speciftc erav-;ty. 60°F - 9734 9870 |
viscostty at 23%€, 3 016 cps s 3ao,cps R
- measured .with the: #3 S ;qu,. o _ LT
.S ptndle at 30 rpm after A T .T> :

. “,f Table F-6 of the Appendtx presents the resu]ts of reduced |
;fpressure distillat1en for the crude after the treatment w1th the 1"'

enriehment culture The presence of bactenia resulted.in an 1ncrease o
tin the heavy fractions, spectfic gravity and visc051ty and are\due to = :f'f
.the action of microorganisms;n th a proven capacity tn uti?ize the |
TjLToymenster crude 011.; Thene-ﬂuna

possibi1tty that Oxygenated

L.cdnp[”f ,tth highen molecu1ar Neights are formed as a. consequence of

'ﬁthel *6 antton of Crude oil,em 5{;
i Re}ease”'of on fm'Athabasca nﬂ ‘:'Sand \-»-._-Aj_,;,;, B

: if%ﬁe; R
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7 in thé Athabasca oii sand was obtained o e'ﬂa

Q;,,‘ ' Using Thioglyco]iate Brewgr Modified BBL 11716 as a"nutrient.

medium. 8?5 release was achieved after 20 hours of incubation at 37°

'under both aerobic and anaerobiciconditions The experiments were aﬁ
cOnducted in steri]e test tubes containing 15 g of Athabasca oii g@
) 4 N . o S S . .4'

"Jsand , 'vil S CoL T L PR
| Ny P]at 9 shows the bacteria1 011 re]ease from»thglAthabasca .
o1l sand using a Thiogiycoiiate medium under aerobic conditions and.

."a Desdifovfbrio medium C119) under anaerobic conditions ' It can be .

?
appreciated that the same amount of oii is re]eased in both cases,
\» regardiess of which medium is used or if oxygen is present A simiiar"

‘o effect was obtained empioying a Desu]fovibrio medium under aerobic
e 4

J conditions No indications of suifate reduction were observed even

hlzsevggal days after the experiments .

Piate 10 compares the oi] release by bacteriai and steam | !

| ‘actiOn Inc]udednwas a controi test lube, with‘bi] sand and distiiied{ S

- water, which was “incubated" at the same conditions as the organisms
i[The naturaiiy occuring organisms in the~oi1 sands were grown in a 0 4%
;moiasses SOIution.. The third sampie was subJected to steam action B

. at 250°F aﬁd 20 psi for 30cminutes

LY

e 2

In ali the experiments, bacteriai oi1 re]ease was obtained .
T . : 'gorous gas producing.organisms Tabie G-S of

wthe Appendix shows the results of chromatographic anaiysis of the |
: :gaseous m tabd1ic products. Carbon dioxide was the main component

‘&E'us mixture. resuTting from respiration of the microorganisms
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0 C Nhite,*ﬁircu]ar‘ and convex co’ior\ies werembserved af'ter 24

heurs of incubntion in: P]ate COun;t Agar petri-dishes arid Desuifo»/ibrio

/
medium-Agar piates In the second case. 3vidence of sulfate

reduction was hot observed Ail the, colanie?exhibi’ a'characteristic

white colof The growth w“ m0ist‘ | »_
. "‘-" Plai!e n ‘showie the: co'lonies d‘f the ’{ﬂtura]y 55
in the Athabasca oi'l%éand Thq OVMisms Were gro 2
onditions on a_De'ulfov‘lbri X '
“ m“”‘"‘ﬂ""'ﬁ"”@"ﬁwﬂT"Vealed that a}'l‘%‘\e‘tblonies were&j‘_i’f‘l'

“in:appearance

'Gram-pps.iggn cocc;l in%lustirs‘(staphyloccus) - Organism sm '

”'motility was determihed by thg hangirigrdrop method e 0
| Piate 12 show?g’a «photomicrégraﬁf\ of the natgral orgams;ns -

x .',v..']n the Athgbasca oil: sand '~ o ":1:9 __.. N
O % Moiasses was investigated as a possible nutriet;,-: .

AOptimal concentmtibns af‘ tlﬁnutriént dre. in the: rangelof 0. 2 1 U% : ‘: ,_
: AJ
@ o

. on re!ease wasoobtaiﬁed in the pmseﬁ?e of a Eugonbroth Vera 'j
BBL 11234 medium and a Trypticase Soy Broth BBL 11767 However. no
'.5_:,_ bacteria] oil release was achieved using Syl fatg Re‘ducer APL B"ch

»""'A;’f?..'fiBBL 11677 medium or-a synthetic Salts ineditin These nesults seem to

PREPEN

red i A"r pmes‘i{_ T R a.,

ES

ﬂindicate that natunl'ly occuring or‘ganisms releasfng oﬂ from i:he '

- oil sands are other than the De§u'|fov rio desulfricar?s species
Since bacterial oi] re'leasa occws under both;ierobic and
wanaerobic conditions. tbe orgdnisms could bg described as facultative
amefrobes. , This finding, in addition to motility and n? sulfate S

| ) "ed“CﬂOH (i e.. Productiun Of }
’ )"gmtm‘ could b‘ VG'ZY iwortant jn possible fieid app'licatiohs

ufa—\

H{S), 'wbich are charactaristics of the






.o
,* o j Steam sterﬂized (250°F and 20 p51 fo?‘ 3b minutes) 011 i
B - samp1es did nqt release oi] after 1nnubation at 37°C 1n the presence
Qfof a su1tab1e nutrient medium 011 releare was obtained by 1nocu'lat'lng.. o
R -the medium with the organi&s 1so]ated fr'om the sands and cquld‘ |
1‘_ be obtatned from ahy gas, ucing organisms. such as the C'lostridium _
| 'Q":speetes. ‘_;'_-- e Ca L R ""-‘?":' R ';__‘,.T.\\_k:-%»"-7:.:,‘.
Attempts at obta‘lning bacteria'l 011 re‘lease from the sands o

at room temperature were unsuccessful._ Consequenﬂy. the majorit,y of

gsthe .,_exbeftgfe{ l“qonducted at 37°c..-.-_ - e .
Figures ~. a 8 show the changes An 8‘4%& opt'tca-l density of -
w3 s

the fsolates m the presence of $ﬁibg1ycbﬂate and esul ibrio L ', Ton

. Figure 9’ presents the variat{ons 'ln surface tension of _
Th‘lng'l,ycoll&te awd Desu'lfovibrio media ”-The mea’suremeﬁs were taken
et 2% A snght""fj_ !
v medium

Ji T release. : After this. the surface ténsioh vﬂues started’to ,-:._~_ e
decrease., A diffmnt ejfect ms oﬁserved 1n the Desulfovrlbrio { L
L medtum. Durfng the f'lrst 2 hours th ,_y"surfa'r | of~ the medfum
&, ws eonsédenbly 1 e'._';itf",', £ ori iml Tue i r the ; U
. S hsh il wis, Dol the:
ed gtr 'Inchease m the hext 4& hours el
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La Riviere (120 121) studied the surface tension 10wer1ng

' feffect of bacterial activity as ‘the’ most important mechanisgf*oroil -
: o

"'?,”reIease by microorganisms. He showed that the general eff

”.microbial growth 1s to gradual]y reduce the surface tension of the _*_»;

| "culture medium La Riviere. while showihg the generaI effect of

'f7mm1crob1a1 growth unon the 1ower1ng of surface tension was primari]y

%interested 1n sulfate reducing bacteria as. an 011 re]ease agent.

He dete;mined that thé reduction in surface tension}Values was - due. _{

7fj 1n pant.q ohautolysis of the celIs in Desu]fovibrio desulfricans
culxures 3—4 wQeﬁt old.;~;'gnf; ;‘f_" '

-

No s.gfaﬂe-reducing organisms were detected 1n this work

.t;_ Desulfovibrio meddum-was used only to test the‘probabie presence
(/ -

of of sulfate-reducing bacteria.»~‘

In this work bacterial oil re]ease‘using vigorous gas o
’ g

5:?producing organisms seems to be 1ndependent of the surface tensionviﬁ»ue;f:

'effects upon the culture medium However, without know#ng the

f"\&f'changes in the other interfacva1 tensi0ns (SO]id‘NBteP- 5°]1d -air,

i_:fland 011-wateﬁ ~ot}-air). one cannot, state categorically the effect‘?: T

i ef] surface tension in the attachment of gas bubbles to both so]1d 'f;_lligJ'

"c-;and gﬁl partic]es.

~1f?at atmospheric pressure. 1t buhbles up through the nutr1ent med1um ii“‘
“ and A released 1nto th‘ atmosphere.: Tiny bubb‘res of carbon d1ox1de. S

e {ﬁproduced hy rESpiring bacteria. have a buoyant effect on oi] drop]et;

Since carbon ddoxide is on]y very slightiy solub1e 1n water e



L

‘7f:a film. floating'on the surface of the nutrient medium in which - L

- :
the similardelectrical charges on both the bjtu

medium by attacheg gas bubbles Some of the released 01l remains ln T

A

'w';bacteria are growing.

Bowman (122) reported that in the hot water separation method,:

_T‘high speed photographs show the conveyance of . bitumen particles to
. nthe water surface by attached bubbles Analysis of the bubbles '

1iindicates that they are langely air and water vapor. not hydrocarbon_f;

gases. It 1s believed that this air attachment occurs during the

_pulping Step when there is sufficient mechanical nergy to overcome ;,ti

bubbles. The attachmenttof air bubbles'is prec'f g agso! o1
Surfactants at the bubble surface and then followf ahy completa'wtlff;;j=
attachment of bitumen around the air bubble ‘ ‘,'“ .' o

In this inVestigation similar results were obserVed by Compariyg |

o the bacterial oil release to the results found using water with Ef“

i T

dissolved carbon dioxide at_ 0°C. The surface tension of the liqpid
~ % @’ﬁr.

was Sl 20 dynes/an at 22° -."'g,The results .found in this work seem to

indicate that the attachment of bitumen tb carbon dioxide bubbles in

B ~hoth bactdrial oil nelease and carbonated water oil release from the .fff

sands follows a m@chanjsm simalagato that of bitumen attachment to air p

”': bubbles which has been reported in the ot water Separation process

The above is not to underestimate the role of attachment of

-/a:t

4v:bacteriarto solid surfaces and/or the production df wettiﬁg agents‘ ,

Many bacteria attath tenaciously to solid surfaces. There»is little
dbubt thatathe electric charge on the bacterial cell surfaces e
influences their adherence to solid Surfaces. It may be experimentally.‘*;

verified that bafteria adhere-mor, rgadi“y-to,positively charged x




':\

n

R \ "'_"'The bulk of thebAthabasca tar sands. on the order of 99% 1s '

. nrains.,,

H SO B
- . . . toe .. . . . . "." D ' .
B -"’ L : c- ) L R . : : ' e

surfae’es th;n to negattvely charged ones and that bacteria adhere Y

“ more readﬂy to hydmpMHc surf’aces than to hydrophobic (123)

G
Secrete’i metaboHc products couId a]so be a factor concerning

blcteﬂal‘ attachment to soHd surfaces L

,{v" o

mt ‘ln direct contact with the bitumen but 1 S pro’tected' b'y an .' ﬁ,

‘{

J
Lt
. le

l' . other matertals of mﬁus 44-m1cron size"’»;\'

o cau'ld attrqct the negative‘ly charged bacterta] oe]l surfaces ZoBéH

promom the remov'.

envelope of water This fﬂm of water is further encased by bi

A "proportj{ |

(124) “T . sJ" mm' ofwater.

b .

B i
(125) syggested that th&mffinity of bacteria t‘o soHd su,.faces
‘ fﬁ_fﬂms 6‘ oil from oﬂ—bearing materia]s. ’

o He also steted (126) that d‘ifferent physiological types of" |
bacter‘la pley an hbportaht role 1n the separatio‘ “o-f oﬂ from sohd a_ \:'_if
sed'lments.' He showed that splfate—reducing -'Wc eria (Desulfovibﬂo \
species) are effectWe orgqp‘lsms 1n the bacterial 01 1 release pr&s

g “'“ Daviei»(lzﬁ) Pointed out that sulfate-reducing bacteria have

¥ v.‘

.......

' at 'least tbree character'ist'lcs that d'l'ctate against their use ~1n

petroledm reservoirffor the re}ease of oi‘l from re?.‘ervoir rocks 3’
R N 1;- L o L

haotet;{a. and f'tna‘l'ly the__ re)atively sT}w metabo]fo activity of
: nﬁ.’{’saetehﬁ A_o:antiioular'ly h'egarding utﬂization of

e - :‘,' . ‘_ L




:vsms ‘Lii'n the Athabasca oﬂ sa

nd. «there are promising."l nd/i'cati_’ons -



| coucwsxons R R E N A SR

f Based on,;the ;nfcroorganisms tested, and ’within the Mmitations
o'? the labo.ratory procedures uﬁined the fol]owing conclusions can

. 'i.'
i .

The effects‘ on the amount 'o intemedt
ouS metabo'Hc f_”roducfs werg simﬂ\ar to

7te fr&cti ons
thos"
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4. In addition to carbon dioxide and methane, ethane was

produCed when. growing Clostridium sporo rogenes and c1ostridium roseum

in a Thioglyco]]ate medium with a Lloydminster crude oii substrate

5. The L]oydminster reservoir water showed a very high
mineralization and does not _seem suitabie for the growth of
microorganisms - S

6. Microbial oxidations of the L]oydminster crude oii by
> single and mixed aerobic organisms ré3u1ted in an increase in oil
specific gravity and viscosity Rednced pressure distillations
‘ showed an increase in the proportions of the heavy fractions
7. SimiLar results ﬁere obtained after treatment with enrich- -
" ment cultures isoiated from soi]s samp]ed ‘near the Lloydminster refinery

8. Permanent emulsions were obtained with Mycobacterium

”
”~

'rhodochrous The viscosities'of these emu]sions werevobseryed to:be'
several times that of the original 011 - |

9. 011 release from the Athabasca oil sand was obtained by
empioying naturally occuring bacteria in ‘the sands Microscopic and
' culturai characteristics of the organisms showed that the isolates

_ Were different from the Desulfovibrio spec1es

10. The mechanism of the bacterial oi] release appears to be
the conveyance of bitumen particies to the nutrient medium surface
| by attached carbon dioxide (metabolic product) bubbles. It is also
possible that the bacterial affinity for solid surfaces promotes the

~ removal of 0i1 from oil-bearing sediments.

\a'.
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- RECOMMENDATIONS

) ’

The modification of natura] hydrocarbons by microbiai action
was investigated in this study Additional investigation snouid be
made to detenmine if other microorganisms can be found which wil]
further improve heavy crude o1l recovery Further studies of‘the
naturally occuring organisms in the Athabasca 0il sand'found in this
. investigation shou]d be\conducted so as to determine possible fieid
app]ications ) |
| Although the mechanism of microbiai modification of hydrocarbons
is sti11 under investigation. there are enough reference sources to
determine the action of certain microorganisms upon . specific hydrocarbons;
| An analysis of the Lioydminstgr crude oil, especia]]y of the heavy
components, should be made in order to select\and,test;the most suitable
organisms. . S "‘ _’\\ |
The indirect modifications of hydrocarbons by metaboiic
"products of the organisms. as well as the microbial modifications of
the heavy crude oil via oxidation have been studied in this work. This
should be foTiowed by an investigation of chemical reduction effects
using organisms thatiproduce hydrogen dehydrogenases. J

':Additional‘investigation should be devoted to the determining

' 'iof the liquid metabolic‘oroducts of Clostridium roseum cultures in
’the‘presence of‘heavy crude\oil It could be the key to the selection
' _of su1tab1e cbemical products for reducing oil viscosity |
y It is’ recommended that the nutrient requirements for mixed
u]tures be studied In this regard emphasis should be p]aced on

tests using the L]oydminster crude oil.as the on]y source of carbon
‘ ,\ ” 4 . .
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since the presence of appreciable amounts of organic materials in
the medium discourages hydrocarbon utilization -
| Gaseous products (carbon dioxide and methane) of anaerobic
organisms should be quantitatdvely measured to determine their actual 4‘
importance fn eventual field applications.‘, .
Taking into consideratioh the gas producing, motility and
- facultive ‘anaerobic characteristics of the organisms described in
this ‘work, ‘there are promising indications of possible field | ‘
‘h'applications to obtain.oil nelease from the 011 sands by "in situ“‘
.'methods it corrosion problems are not enceuntered and if the bacterial
"population effects on the permeability are not very detrimental
Additional research is needed in. these areas.
Another possibility is to. .use the. organisms found in this

investigation instead/ of the separation process wherein hot water,

".“-under conditions of agitation and’ access to air, is employed Since -

the bacterial oil release process does not involve heating and -
ﬂ‘agitation facilities, the heat and power requirements could be reduced.
'vFurther investigation in this field is also recommended. .
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UTILIZATION' OF HYDROCARBONS BY HICROORGANISHS
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~ Data of Fuhs
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Linden and Thijsee
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. o
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TABLE A-1 (continued)

A-2

!

Data of van der Lin-

Data of Filhs
L den and Thijsee.
Acremonium sp. ’
C5 C]z , nginangbgcte[jg Pseudomonas aeruginosa
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&3

um 4115

Bacterium 11ghat1cum
ligquifaciens

' ggdgmgngs f]yone§-

3

Micrococgus
Nocardia pg;rg]ggphi]g‘

Agtingmxggte (Nocardna
hxdroggrbongxydans)

s cens and P. putida

Pseudomonas aerugino-

sé di h nas

ghromgbac;gr _g

“*Pgeﬁggmgnaéyflgdrgs— -Pseudomonas pyocyanea

'Achromopgcter sp. and .

Alca11qgnes sp.

1crocggcu phaeroides’i

_y__sz_lag_c_t_n_mr_a_v_h
var.

nggbgﬁ;erium per:ugo-

.sym var. ethanica -

st_o&s_tﬂj_mr_b_mur
mum_ca ‘ ‘

var.

fﬁxsnhhsigxinm phiei,

_(p_a_m_fﬁ__—
i Q__uj_? ok ’ o

- Baci l$§ Groups 1 &

st.qm_c__r_fsms_.e_qmm'

Nmﬂuimlgmm



Hydrocarbons‘

\

TABLE A-1 (continued)

Dati'of Fﬂhs' Data of Van der Linden
and Thijsee ‘
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a0 C34
‘n- Paraffins

uocgrdjg opac g
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‘lprosabiei o
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iEEﬂ
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TABLE A-1 (continued)

. Hydrocarbons Data of FUhs Data: of Van der - Linden
g s ' and Thijsse

Isbpariffins ~ Bacterfium aliphaticum Pseudomonas aeruginosa
| o '%igﬂggmgngs Ilggregcens | ”
probable
Phenylalkanes S Nocardia opaca
and - a ~+ (Proactinomyces opacus)
CycloaIky]al- o . ' .
canes P ° : ~Nocardia salmonicolor
- | | ) ‘nggbacterium'
'OTefinsw | ﬂgxhgﬂgpjgggrlym . candida lipolytica

Pseudomonas fluores- Pseudomonas sp.
-gens and P. putida .. : ‘

Bacterium a11phat1cum‘ Nocardia sp.

ac;erium g]iphaticum Candida 1ipolytica

*',Pseudomgnas rugino-

nggffjnbactérjum

”Esggdomgnas fluores -

Cotzhgpgggg:{um gg;,
.xszg__u_t_e.r_i_u_rn. sp. |
" Mycobacterium l.é____Q__Q.C”C ]

,F"; v‘p‘be!ggbagggrium gg:affi-

__:
&An_iﬂn.linelxxisg
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TABLE A-1 (continned)

\Hydroca}bohs Data of Fﬁhs " ‘pata of van der
. C L1nden and Thijsse

Cycloparaffins tzs!ggmnnﬂ_ As_usi_g_s B_sg_gmg_zi aeruginosa

Aromatics:.
Benzene

- Toluene

'Naphthalene

"Essndnnnnna Asnuninnaa Es:nnamnnni ngzuginnan

Similar to gsgyggmgn;;
"znxhnnli

EiSEQ%EQBQi 1.*2::1 ElgxgksslgnluT (un1den-
probab1e tified bacter al strain)

51m11ar to §1ggggg§n§ e
(Rhodococcus) cinnabar~
- reus R
Similar to |

Micoc
(Rhodoc ) ;hodochrOus

/

. Ei!!!ﬂﬂnﬂli asrusingis Ezgngmgnni Asrnsingin

_xsnhnsssrinm rhodochrous
| nisnasnssni snnnsrni_si
. MNocardia sp.
’Iihrig $D-
Micrococcus urea
‘Eisndnmnnni fluorescens
-'Essuﬂnmanni ns:nsinnin

.“‘

'E:sndnnnnni isisin. unsn:nin sp. | /|
‘pellicylosa, /

zm.mm _ S
similar to Bsandnmnnnz nnsillys.njnhinilinigum
d:smnlxsisl :

non- liquefaciens ./

' Esnnﬂnnnn;a hn::nnnliz ,
E‘*“‘“F‘ﬂ‘i sR.

¥ %)



‘;Hydrocarbons»'
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TABLE A-1 (contfnued)
Data of FUhs ", - ~Data of\Van der Linden

- Methyl naph-
< tha]ene

'Ethylﬁénzene
and Alkylben-
zene.

an& Thijkee
;geuggﬂgngs g:yj]]g |

Ach [gmgbagtg: sp.
Eli!ﬂﬂ!&.ﬂ!ium sD:
Bgctgrigm ngphtha]jnicum-v'A
ob cteriym L V
mumu) o
Nocardia ;ﬁ : - B :
: NE#grdi'a‘ggg_gj_ ‘ -
'M‘cobactefi m onv'1utum - L \\\\\ .
m-—l_—ggrdi = o R
opaca) N e
,ﬂ0cggdig-a;t1nomo:pﬁg

?seudohohﬁg dégmolzti;um
o~ Psegddmonas ~eruginosa'
Egeudomgnas geruginosg ogardja ‘Sp. |
_,c____q_e_c__Lhromb t _L_Q Au:m_uum
M crococcus ghaergfde gcard1a _ggg_ "

ysugu_;nb.gg_cmou)
NQE!:QI! EQE! ljn‘ I ‘ A
ﬂ o .



- Hydrocarbons

A-7

| TABLE A 1 (contingg_)

’Data of Fuhs'"” 7 Data of Van ‘der Linden '

. and Thijsee

Anthraceﬁe

Phenanthrene
and methyl-
phenentrene

g

-Pseydomonas as boreopolis Pseudomona s'u.r.uainns.a_‘ Jainosa

A ‘.,._‘. e ']’, .

1

'E.Lnnb.u.tﬂ.i.mam Lmdnmnum.ulmn'
‘B.amu.um.mlmlj.em ,
i‘Hisrnsnssna';nnngnninga

W

&
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APPENDIX B -

"' RESPIRATION OF MICROORGANISMS

%,
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TABLE B-1 o o

HICROBIAL RESPIRRTIOQQRY 'OXIDATION 6F INORGANIC suasrAnces

”_'Organtsm‘

Reaction '_ ‘ | Ty

\ "H1erg§nomonas'

6Hp + 20, + 0, » 5n20 + (cn20)

- cell material p

b

2"25 + COZ * 2S  + (CHZO) + H20

TBeggjatoa;
E  stored . cell
“1n. cel?s material
| In 5psence of st | v
25 4 5H,0 + 300, - 250, + 3(CHy0) + 4H*
. L T cel material
o Thjqbfc111us, &203.:+ H 0 + 20, +:2$04 + 2H,
Nitrosomomas < 2NHg + 30, » 2N0,” + 2H* + 2H,0
'Nitrpbactér o -




cacet

TABLE B+2 = .

" ANAERQBIC RESPIRATIONS '

Organism Reaction
Many species NO5 - NOz.g. R
| o . NHg

: DgSqubvibrio

"Sulfate reduétion"

CH3COOH + S0,™ + 2007 + HpS + 20H

Yarious species

rium.

Methanobacte
omelianski|

Various species -

. Various species

_"Methine_ferméntation"

Organic compounds 4ﬂlﬂlﬁhlﬂrc02'+,cu4'

+ (CH,0) |
cell material

2CoHgOH + COp » 2CH3COOH + CH,

&My + COp » CHy + 2H,0  «
_CH3COOH > CHy + €O,

" Clostridium
um

ic

~8Hy + 2C0, > CH3COOH + 2H,0




 APPENDIX C
 RESERYOIR FLUID PROPERTIES



C-1

TABLE C-1
DETERMINATTON OF THE THIXOTROPIC CHARACTERISTICS OF THE
ORIGINAL CRUDE OIL ' '

: Rate of Shear ‘Shearing Stress
- 0.3 0.7
0.6 1.8 .
1.5 R N :
3.0 - 8.9 o
,'SVO'- 17.9.
12.0- , 35.9
30.0 . - 89.2
-12.0 33.4
- 6.0 18.0 .
‘3.0 9.5 :
1.5 5.1
0.6 2.8
0.3 2.0,

Note: Measurements with the Brookfiel@z§otating Viscometer,\
' Model LVT A11 the measurements were gyken with the
' Spind]e #3. after five minutes of agitation.



TABLE L= 2

VISCOSITY- TEMPERATURE RELATIONSHIP OF THE ORIGINAL CRUDE
OIL AT Arnosvusnxc PRESSURE

Temperature 0i1 viscos1ty, measured

- with the #3 spindle at -
30 rpm, after 60 sec of
agitation =

% C - cps’

5;00 -~ 24,850

- ]5 °°. 8,500 .
,-;-20 0 #,050 - T
23.000 . . - 3,016
 25r5°l-v o 2,100
30000 . 1,460

©33.50 - . . ~1;148



. TABLE'(C-3

ANALYSIS OF RESERVOIR NATER

Appearance of Saﬁple: .C1ear énd colorless;soiution with
o : Cot red Sediment.on the bottom. ”

1

o Mg per Hter A ‘}’ .

,‘C1“’ﬁ,"’;, | 47, 646 " o

| ‘ouf.:_Vf}_; AR R I

| HVC03 . B ‘ ‘..74‘ : v

ocog T ‘
'"?MQI"1 " - ;”"-935;;'

T Jcalc) | "‘ g§i§ggjf*"

. Total Solidk 77,374
(cale) o

-~ . -

7*,Q‘Spgéifié gravity, 60°F . 1.0895 = -

: "25 e s Mo £
o 15t1V1ty, Ohm—meters, .;jo1“j‘/',‘l
' Refracthve index, 25 C “133¢5bf“'

/. Totansolidsj"ﬁ e .;g'
T : evap at; 110°C = ‘f?fg 128 530

; Remarks Fe in original solution / |

. v
oty



. , APPENDIX D
OIL PHYSICAL PROPERTIES AFTER MICROBIAL TREATMENT



¥

w_t_u_l

D-1

EFFECTS ON THE ®HYSICAL PROPERTIES OF THE LLOYDMINSTER CRUDE

&

4

OIL CAUSED BY METABOLIC PRODUCES’BF ANAEROBIC MICROORGANISMS

Organism

Nutrieht Gas Pro-
duction

Me¢1um

0i1 Specific
Gravity at

011 Viscosity
at 23°C,
measured with
the #3 spindle
at 30 rpm, :
after 60 sec.
of agitation

o

cans and Cl.
sporogenes:’

‘cans medium

cps
Original crude .9734 3,016
0il (control) R
Cl. sporoggnes Thioglycol- + .9730 1,850
- late ‘
- €1. roseum Thioglycol- + 29730 - 400
- - late -
Cl. septicum  Thioglycol- + .9745 3,200
_ . late ‘

Cl. rubrum Thioglycol- + .9732 3,000
ATCC 14949 - - late o :

C1. rubrum Thioglycol- + 9734 3,140

TCC 14950 late o :

Cl. butylicum Thioglycol- + .9740 4,200

. - late ‘

Cl..acetobuty- Thioglycol- + .9738 3,500 -
Ticum - late : :

Cl. thermosac- Molasses 2% + .9745 4,600

charolyticum v :

C1. roseum Molasses 2% + 9730 1 420
D. desulfri-  D. desulfri- +, .9740 " 4,320
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~ APPENDIX E.
~ EFFECT OF MOLASSES CONCENTRATION AND' THE PRESENCE
- OF HYDROCARBONS ONYTHE GROWTH' OF CLOSTRIDIUM |

N



E-1
EFFECT OF NOLASSES CONCENTRATION ON THE GROHTH OF CLOSTRIDIU" |

Cog

'_'Orgqnism;"

21

“Molasses

3%

A

5%

©
—
-

roseum -
rdb?dﬂ”b

s egt1cum

s oro enes

. e

a
-y

ele , |

Note:

‘;the osac-f -
roilgicum SR

AR L

et

STy vdptima176rdﬁth

_vgf+l'(£oodsnwuth
s Growth

- ‘fNo Grouth f_

ey
e
4

O

b

B

o

. ++.+‘,

T

Ry

S

4

Yy
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TABLE E- 2

zrrecr or rne Pnsseucs or uvnnocAnaons oN THE enpwrn OF
° cLosannrun ‘ S ST :

B . .
. T .
' )
. o

'*Ofganism'

T

Hexane, M= ﬁeptane Benzene Varsol Ll. oil

k Cyclohexane Lt oeT T fraction.

: She : -fv,'_ﬂ -at- 218'0.
S ' — ]4 7_ps 1

o

cl. roseum

VQ;.Aruhrum ; .
€l septicum
i sgorogenes  ;],;;

: '-'-'optim Growth
¥ Gom!Gnmnh }
;ignﬁ¢h ;*"‘*“

B Clnh :

B T S SRR S +

£ SRR T B

oD



. APPENDIX F

© _REDUCED PRESSURE DISTILLATIONS



F-1

TABLE F 1 umfwk, .

:REDUCED PRESSURE pISTILLATION OF THE
- ORIGINAL CRUDE - oIL '

Per cent Temperature  Pressuré

. Recovered

22050 = 201, 00 1'
"25.00. - 214.50

CUILB.P. 30,00

© 2,00 .. 52,00
o 2.50 106.00

.. 5.00 7 118.00 - |
7.0 . 133.00 A
.10.00 ~..145.00
©12.50 - 155.00
15.00 . 166.00
arse 0 177.00
20,000 . . 189.:00

C27.50 - 227.00
©30.00 . - 238,00
F.B.P... . 241.00

R N A Y Y W Y ares

‘f:Recdvéry, ﬁér}é?ht,;;;' ;;f ; fQ 1 32 00 L L

~ ‘Resfdue, per cent.... . U 68, 00



‘ * TABLE F=2 -
_ REDUCED PRESSURE DISTILLATIGN OF THE 0IL AFTER TREATMENT
' NITH CLOSTRIDIUM SPOROGENES

, Recovery o "Témperature o » 'Préssure‘
, Per Cent S , o R o

LB.P. T 30,00 4
2.00. ©76.00 4
2,500 o 8r.00 - 4
5.00 - 1mns5.00 4
©7.50 . 121.50 4
10,00 139.00 4
l2.50 0 1s0.50 4
©15.00. 0 0 1s6.00 8
T2 5 . - . 160.00 o s

20000 16300 - 4
22:50 "177.00 4
. 25.00 - . - 193.00 4
27250 . 204.50 4
-~ 30.00 220.50 4
3250 o . - 1231.00 4
35.00 . 230.00 4
F.BLP. T 242,00 7 4

"Requﬁeﬁy;fbgi'éénf;;;if e . 35.00°
iagsiqqgs"perﬁ¢ent;2,;lv;,{, - 65,00



- Recovery, per cent....

o TABLE Fi3

REDUCED PRESSURE DISTILLATION OF THE

OIL AFTER TREATMENT HITH CLOSTRIDIUM ROSEUM

s

Per Cent Temperature
"~ .Recovered ' Lo

r - ec

. Pressure

. mm Hg

v : -

00 T 78.00
o - " - g0.00

NN W
uv‘o

30.00

5. 00‘i_. | 112.00

7.50 - - 120.00

10000 0 13si00
12.50 147,50
15.00. . 152,50

17,50 © . "157.00
20,00 . - . 160.00.
- 22.50° " 176.00

. 25.00. - - 190.00' .

- 27.50 . 201.00
30.00 - .218.00
32.50 . "¢ 230.00 .

1

35.00 - - 236.00

CFBLP. 241,00

Residue, per cent...

ol N TN R A A AR . U G GOy

35.50
64.50

" F-3



. REDUCED PRESSURE DISTILLATI?‘ OF THE ‘
| OIL AFTER TREATNENT HITH PSUEDQHONAS AERUGINOSA :

e e, e

[

TABLE F‘-4 TR T “ ST (

R R ) A L
. Recovery . - " +Tempetrature - * - . Pressure o

| Per -Cent-~ I SRS LTI AL

e 37 00
0 . . - 8000
50 ¢ o700
5.000 120, oo,T*i‘
o 7is0 . T 13100 v
10000 T 147,500 !
oo 12J500 T . 183.500° . sl
. 15.00 ]"7].00,’-1 - : I x.?"
J17.50 0 . .as0.0e
L2000 o 197.00
.22.50 - - .7 210.00 -
A2SLOOT; U 222050
‘_30 00 . 280,00
FLBLPL o 248,00

~ oo
© v

U‘I

A

ST IR R R I N S GO S

?'Rg¢oyéry,.perléent.;;; ‘ 07 30.00
fReSidue,>per_cgnt,,;._-A-f,"f Q,-‘ 7 LOO‘f 



TABLE Fw§ e T

REDUCﬁD PRESSURE DISTILLATION OF THE o

OIL AFTER TREATMENT WITH, MIXED CULTURE #3 o

Recovery

" Per Cent
S

”__ Temperature -

ET R

L Rrgs§hrg

. mm Hg

o2.00
250
_5.00

- 7.50

‘]ngol"'

-~ .12.50
-15..00.

7800

22,50

25,00

"VT€?3*?¥ .

S ,.j‘_ L

'§3.00°
8750 o
102,00, -

127,00

139.00. .
160.00

©172.50 ~

. .18s.00
. 197. 00 .

©203.50

-7 22000 -
- 240.00 . . . .
| '242.09_ff *

,9d~; S

“;Recovery, per’ cent ..,;"

| Residuer,per cgnt

25 00

75. 00

F-5



"';31.20 00 2080000

. F-6
| 'fwrmlgﬁflmw —~TABLE F- 5

y REDUCED PRESSURE DISTILLATION OF THE
TOIL AFTER TREATMENT HITH ENRICHHENT CULTURE_

‘Recovery . . - Temperature ,.:kuxPressure
Per cent - e T e
B R o5 D o mg Hg

PO
RIS A o

B.P. v‘»-~152”6by”
.00, . . 85.00
50 v Lt ‘_101 B0
Cos00 L e, ooif~;l;£5j__
SR 8.1 R L 1| SRR
';{]biQOw‘fof;"f$f158‘50?ff:FTjj?Fﬁ -
Cozs0 o 6700
U500 7 il 76.000 R
17,500 Ll L U96L007 L LT

oo W

Cezso ezl
fai 25, 00 "‘Tf'f,rtFaéo?oQJAJj.' L
.-F 5. P O f“’:gﬂzlpo&{" |

R T R RN R SN S S
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, APPENDIX G
GAS - CHROMATOGRAPHIC ANALYSIS OF METABOLIC PRODUETS

[



TABLE G-1

‘RESULTS OF CHROMATOGRAPHIC ANALYSIS OF THE GAS'PRODUCEU BY
'CLOSTRIDIUM-ROSEUM HITHOUT CRUDE OIL SUBSTRATE

Comgonent o ‘Weight, per cent
Hy S Y
N2 ) » . .89 N
02 | \ .16
R COZJ ‘f 84.31
Total | 99.99
¢
% oL ‘
‘,‘lz&- - . ©
Y ﬁ’, W, ¥
. o ;??



G-2

TABLE G-2
RESULTS OF CHROMATOGRAPHIC ANALYSIS OF THE GAS PRODUCED BY
- CLOSTRIDIUM ROSEUM WITH CRUDE OIL SUBSTRATE
o Y K ( | . ) i ' .
Component - - 'Height,fperwceht
| | cHy e
- céusv» S B
Npo 28,79
0, - 6.58
o, . 573

~Total . 100.02 . -



-*TAstE;G-35

RESULTS OF CHROHATOGRAPHIC ANALYSIS OF THE GAS PRODUCED BY
QLQ§TRIDIUH SPOROGENES HITH CRUDE OIL SUBSTRATE -

3

-

QComgbgent : : Neighg.»per‘centf
S QH4SMA‘A : S .:;-'Z?SZ;S'
e -QT_ |
‘S?#Av'»:'A} | N2 ; _ N ?0:76
(Au;oz S A‘ 25.8I~~

Total . 100.01 . -



RESULTS OF CHROMATOGRAPHIC ANALYSIS OF THE GAS PRODUCED
 BY MIXED CULTURE #3 WITH LLOYDMINSTER CRUDE OIL SUBSTRATE
, , Comgonent f ""Heiéhi.:per_cént '
- N o 79.30

2 : L _
L
o, | 9.16

HyS | ' Tr;ce o

Total | 100.00



65
" RESULTS OF CHROMATOGRAPHIC ANALYSIS OF THE' GAS PRODUCED BY
* NATURALLY OCCURRING MICROORGANISMS IN. THE ATHABASCA OIL SAND

; ’
A\

i _:‘Comgqhenft‘ e 'ile1Lht., per cent
o ) ) ! ; . b, ‘... . N / .
| o “1.16
G0, - . 50.69
’ HZO‘(vap‘qr) T Trace

N

Total - . 100.02



