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P N
! - ABSTRACT
’
Bacteria isolated from the environment were screened fof production of

extracellular surface active agents. It was proposed Yo evaluate the agents as to tipy

’

uscfulness in bitTmMen recovery. A spectrophotometric oil emulsion assay, based oma
published method, was developed to detect bioemulsifier production. Surfa‘cc and
interfacial tension measurements were employed to detect biosurfactant production.
Other detection methods were investigated, but none proved to be as suitable for rapid
screening of large numbers of culturc;;~ Four biosurfactant producing isolates were
found in this survey whereas no bioemulsifier producing isolat\cs were detected. The
level of biosuﬁactmt activity plﬁuced by these isolates was comparable to that of
. Bacillus subtilis, a recognized biosurfactant produciﬂg organism.

'One of the biosurfactant producing isolates, Corynebacterium £p.1B-2 produced a
glycolipid biosurfactant capable of rcducing the surface and_int;rfacial tension of
double-distilled water to 28.5 and >0.1 dynes/cm, respectively. Production of the
biosurfactant required bxygcn and appeared to be hydrocarbon inducible. Maximum
levels of bi05ur‘factant were achieved during the stationary phase of growth. Optimal
recovery of biosurfactant was accomplished by using pentane cxtr.action from cell-free

culture filtrates adjusted to pH 2.0. This biosurfactant was less effective at separating

bitun'\ from oil sand than the commercial dispersant, Igepal Co 630.



LY

ACKNOWLEDGEMENTS

(AOS'hlA) provi upport for this investigation and are gratefully

0

%olmh% m Oll Sands Technology and Research Authority

acknowledged.

I thank my advisor Dr. D.W.S. Westlake for his assistance and encouragement
throughout the project. I appreciate the freedom and resources that were provided to
explore my own ideas. “

My gratitude extends to Dr. Julia Foght and Dr. Phil Fedorak for their helpful
advice and their great patience with my incessant questions.

Special thanks go to Karl Hawkinson, my friend and companion, for his shared

enthusiasm throughout my studies and his demonstration of faith in my abilities.

vi



TABLE OF CONTENTS

L Introduction . . . ... ...

. LiteratwreSurvey . .. ... ... ... ... ... . .. . . . .
1. Microbes and Oil Recovery . . . . .. ... . . 17

1.

A. In situ Microbially Enhanced Oil
B. Injection of Microbial Products .

Recovery .. .........

.................

...............

2. Surfactantsand Emulsifders. . . . . . .. . .. ... .. . .
A. Mode of Action and Structure . . . . . . . .. . ...
" B. Methods of Detection of Biosurfactant and
Bioemulsifier Activity . . . . . . .. ... ... ... ..

3. Surface Active Agent Producing Organisms

A. Microbial Sources of Biosurfactan
Bioemulsifiers . . . .. .. . ..

B. Distribution of Producing Organisms

i

C. Isolation and Growth of Biosurfactant and

Bioemulsifier Producers . . . .

4. Recovery and Characterization of

Bioemulsifiers and Biosurfactants . .
A. Methods of Recovery of Surface-active Agents

B. Methods of Characterization of Surface

Active Agent Components . . .

5. Applications of Biosurfactants and
Bioemulsifiers . . . . ... ... ..
A. Oil Sand Separation . . . . . .
B. Viscosity Reduction of Heavy Oil

Materials and Methods . . . . . . . . .

1. Microorganisms . ... ... .. ..
A. Sources of Organisms

B. Growth Conditions . . .- .. .' .' .' .. )

2. Chemicals . ... ..........

3. AssayMethodology . . . ... ... ... . ... ..., ...,

A. Biosurfactants . . . . . . . . ..
B. Bioemulsifiers . . . ... .. ..

4. Identification of Isolate 1B-2 and
Characterization of its Biosurfactant

vii

oo A W W

10

10
11

14

14
21

22

23
23

24

25
25
27
27
37
37

38
38

41



bl ]

A. ldentificationofIsolate . . . .. .. .. .. ..........
B. Recovery of Biosurfactant . . . . . . . S -
C. Characterization of Biosurfactant . . - . . . . . e

5. Applicatdon of Biosurfactant -
itumen Recovery fromsand . . . . . . . ... ... ...,

IV ‘Regults and Disgyssion . . . ... ... .. B

LLMethods .. .. ............... ... .. .......
v A. Development of Spectrophotometric Oil

EmulsionAssay . . ......................

2. Screeningof "New”" Cultures . . . .. .. .. ...........
A. BiosurfactantProduction . . . .. ... ... .........
B. Bioemulsifier Production . . . .. ... ... .........

3. Isolate 1B-2: Characterization of the Oganism i

‘and its Biosurfactant . . . .. ... ... .

A. Tdentificationof Isolate . . . . ... ... ... ........

B. Production of Biosurfactant by ‘
Corynebacteriumsp.1B-2 . . . . .. .. .. ... ... ... .

C. Recovery of Biosurfactant from ‘
Corynebacteriumsp.1B-2 . . . . . ... ... ... ... ...

D. Characterization of Biosurfactant . . . . . . .. ... ... ..

4. Biosurfactant Application - Bitumen
RecoveryfromQilSand .. ... ... . ... ... ......

V. : Summary and Conclusions . . . . . .. .. e e e

VI. References . . .. . . . . . . . . .

viii

41
42

43
45
45

45
47

52
56
56
56
58

63
68

76

- 79

89.



LIST OF TABLES <

TABLE

1

10

11

12

Microbial ‘K:'duccn of biosurfactants and

bioemulsifiers . . . . .. .. ... ... ... ... ..

Freshwater cultures -- Growth conditions and

m;ﬂmdsofnuy .......................

Marine cultures - Growth conditions and methods

ofassay . . .. ... .. .. ...

Cultures from produced waters -- Growth

conditions and methodof assay . . . . .. .. ... .. . ..

Bitumen, s0il and sewage sample cultures and
contaminants -- Growth conditions and methods of

ASSRY . . .. L e e
Identified organisms -- activity in assay(s) . . .. ... ...
| "New" cultures -- acﬁvity inassay(s) . ............
Identiﬁcation ofisolate 1B-2 . . . ... ... .. ... ... ..

Biosurfactant recovery from Corynebacterium sp.1B-2

Composition of Corynebacterium sp.1B-2

biosurfactant . . .. .. .. .. .. .. ... ... ... ..

Thin layer chromatography -- Rf values of

biosurfactantandknown lipids . . . . . .. ... ... . ..

AN

ix

18
28
29

31

s
49
54
57
67

70

72

ﬁf%



LIST OF FIGURES

FIGURE | p

10

Stability of emulsions using circular mixing and reciptocal

shaking for spectrophotometric oil emulsionassay . . . . . . . . . . . .

Acinesobacter calcoaceticus ATCC 31012 growth and

biosmulsifierproduction . . . ... ... ....... ..

Standard tensiometric curve for Igepal Co 630 dispersant
Determination of critical micelle concentration of

Corynebacterium sp.1B-2 . . . . . . ... ... .. . . .

Determination of maximum biosurfactant production by
Corynebacterium sp.1B-2 . . . . .. .. .. ... . . .

Apparent recovery of biosurfactant activity using pentane

extractionatpH64 . ... .. ... .. .. . . . . . . . '

Determination of biosurfactant concentratiod in filtrate and

pentane extract by CMC determination . . .. . . . . . . .

Desermination of CMC values of acetone-solublc extracts

gf concentrated biosurfactant . . . . . .. . ... . . . .

. » \
Comparison of the capability of water, biosurfactant and

Igepal Co 630 to extract bitumen from oil sand, . . . . .

.......

........

......

.......

........

48

50
59

61

65

69

73



. - | w
. 1. INTRODUCTION

.

. Petroleum is & finite natural resource and s major comporient of the world's
economy. 1ts recovery has become an important issue, especially in light of the fact that
on average, O!Wy to forty percent of conventional oils, which have an AP1 gravity
>20°, is recoverable from reservoir rocks by existing drilling and recovery methods
- (Forbesl&o Larson efal. 1980, Shah 1981). Heavy oils, which have an API gravity
<20°, are not recoverablc by convcnnoml techmld( because of their viscous natu\re

Nﬂnﬂr‘cs a large amount of oil underground which cannot be recovered economically
byc

t méthods. Large reserves of hydrocarbons, i.c. bitumcnc‘lso are contained in
oil sands. For example, approximately 1 trillion barrels of bitumen are contained in the
Athabasca, Cold Lake, Peace River and Wabasca oil ssihds in Alberta (Humphreys &
E:hutte_l978) and 20 to 30 billion barrels in Utah tar sands (Zajic & Akit 1983).
Bitumen is a highly viscous mixture of high molecular weight hydrocarbons making up
the organic solvent-soluble pomon of oil sand (Wollrab & Streibl 1969). Recovcry of
bitumen from oil sands, especially in Alberta, has generally involved a hot water/steam,
high pH (pH 8.5-9.0) process, and although the recovery is about 80% or bcttcr
(Williams et al. 1984) tt;crc are several drawbacks to g)is ;eéhnology. The process
involves the use of very large amounts of water and energy #fid results in the fogatiort
of an alkalinc'.‘stablc water-clay sludge containing unrecovered hydrocarbons. The
disposal of thcsc tailings presents a serious 9ﬁv1ronmcntal problem (Gerson & Zajic
1977, Wnlhams et al. 1984, Zajic & Aknt 1983) For example, the storage of tailings
requires large areas of land and sccpagé frem the pits could cause contamination of
surfact and subsurface waters. The use ;)f microbial biosurfactants for bimmen‘reco:cry .

could decrease or eliminate sludge production and reduce the epergy requirements.
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Since oil sand recovery operations are very large scale processes, thi#would have a

signiﬁcant impact on the economics of the oil sands operation.

The use of microbial products in a cold water process for bitumen reco'very has
bec‘udicd recently (Gerson & Zajic 1977, Jack 1984, Zajic & Akit 1983, Zajic &
Gerson 1978), and biosurfactants produced by Corynebacterium species have
demonstrated an ability to scparate bitumen from oil sand§ Spencer (1980) reported
another process which uses a mixture of bacteria to relcas; oil frgm sand, although the
company. suggests that this is accomplished enzymatically and not via biosurfactant
production. ‘ ¥ |

Consj_derablc research has been directed towaras using microbial methods to
enhance conventional oil récovery (Jack 1984, Finncfty & Singer 1983, Moses &
Sprmgham 1982, Spenccr 1980, Stosur 1981). - These include: either using
microorganisms in situ, by inoculating the rfservoxr with sultable microbes and nutrients
(Clark et al. 1981, Forbcs 1980, Lazar 1983a, Lazar 1983b, Moses & Springham 1982,
Springham. 1984); or using only microbial products, to improve the rate and extent of oil
recovery (Finnerty & Singer 1984, Gerson & Zajic 1977, Gerson & Zajic 1979,
‘ Jenneman er al. 1983, Singer 1985, Singer er al. 1983b, Zajic & Akit 1983, Zajic &
Gerson 1978). ‘ : -

In situ microbially enhanced oil recovery (MEOR) depends on tHe growih of
organisms and the production of metabolites in the reservoir to increase oil mobility
(Bebela & McKay 1985, Forbes 1980, Springha@ 1984). This increased mobility may
be achieved by several mechanisms, including: 1) repressurizing the reservoir, 2)
reducing the viscosity of the oil within the reservoir, 3) increasing the porosity of the
reservoir, 4) releasing trapped oil from réservoir pores, 5) increasing vxscosuy of the
drive ﬂuld and 6) selcctxve plugging of previously swept zones, where oil has been
semoved. Growth conditions in rese&ﬁxm are often highly selective. For example,

N
( AV}

)

- —
S
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oxygen and nutrients, especially N and P, are Iigﬁtedand crude oil is usually the only
available carbon source. Also, conditions of /téﬂ’n"npcratu:m/prcssurc and salinity can be
quite severe as temperatures of >85°C are found in deep reservoirs and salinities of up to
20% exist in the connate (geological) wgyérs of some reservoirs. Combinations of such
factors has directed invcstigétions};’?obzards anaerobic or facultative (mcsophilic
microorganisms, as well as incrgﬁgcd‘spcculation about the genctic engincering of
thermophilic, saline-tolerant Qx:’éanisms that could be Qsca for in siru enhanced ail

“recovery . |
There also has been emphasis on investigating the surface production (;f useful
metabolites by microbes. This tech\nology could circur;xvcnt a lack of suitable growth
conditions in a reservoir. The major products of intcrest have been water-thickening -
agents, biosurfactants and.vbioemulsifiers‘ Fér enhancing conventional oil recovery,
water-thickening polymers are generally restricted. to use in the r;scrvoir situation,
whereas biosurfactants and bioemulsifiers could find application both in the conventional
reservoir and in oiljsands separation. Xanthan gum, a microbial product from
Xanthomonas ‘campestris, is currently being used as a water-thickening u{;cnt in
waterflooding processes (Gabriel 1979), and has demonstrated soveral advantugc§ over
the conventionally used polyacrylamides (Forbes 1980). Xanthan gum is also employed
to control the viscosity of drilling muds. Emulsan, a bioemulsifier which 19 produced by
Acinetobacter calcoaceticus RAG-1, has been shown to be effective in oil tan}gr cleanup
by emulsifying the oil and removing it from the metal surfaces of the fuel tanks (Gutnick
& Rosenberg 1977, E. Rosenberg, personal communication). It also has shown its
effectiveness at reducing the viscosity of oil in model oil transport systems (Hayes &
Nestaas 1983, Jack 1984). Emulsan is now being produced commercially by Pfizer Inc.

" inthe U.S.A. Another surface active agent, produced by a culture tentatively identified

as a Corynebacterium sp., has been shown to reduce drastically the viscosity of heavy



oil (Finnerty & Singer 1984, Singer er al. 1983). These examples demonstrate the
potential of water-thickening agents, biosurfactants and bioemulsifiers for the separation
. of bitumen tfrom oil sands and for the recovery of heavy and convc‘mal oils.

The objective of this study s to tind microorganisms or microbial products which
can stimulate the release of Qitumé—n.t’rom oil sands. These products could also be useful
in enhancing conventional oil recovery. 'l'hi§ study will involve:

1) selection or development of a simple, rapid method to screen cultures for the
production of extracellular surface active agents;

,-‘2) i’s”olation and identification of organism(s) which produce reasonably potent
extracellular surface acdvé agent(s); .

3) determination of potential usefulness of such agents with respect to bitumen

release; and

4) characterization of any such agents found.

‘.
i



I[I. LITERATURE SURVEY

1. MICROBES AND OIL RECOVERY ~ ™
A. In situ Microbially Enhanced Conventional Oil Recovery

To appreciate the role that rﬁicroorganisms can play in enhanced oil recovery, it is
necessary to understand the naturé of the reservoir and current methods of conventional
oil recovery. There is a great deal of variation with respect to the structure of the
reservoirs, the composiﬁon of the surrounding geological formation and the physical and
chemical conditions encountered in the reservoir. There are similarities, however, in that
most reservoirs are structured with a lower layer of connate water, a middle layer of oil
and an upper layer of gas. As described by Speight (1980) recovery of oil relies on
natural and applied forces for the energy to drive the petroleum fluids from the
formation, through the reservoir and the well, to the surface. Pressure from expanding
gases in the reservoir or pressure from natural water drive are the more important forces
used to drive the petroleum to the production well. Maintenance of these pressures can
be aided by introducing compressed gases from the surface or from the reintroduction of
natural gas which has been recovered from the well. As the initial flow of oil gradually
decreases, secondary recovery methods are employed. Generally, this is accomplished -
by waterflooding, a process where water is pumped into the reservoir thrbugh injection
wells drilled into the reservoir a short distance away from the production well(s).
Produced waters, i.e. water recovered along with petroleum from the well, or water
from nearby lakes or rivers is used for this purpose. Waterflooding functions by

maintaining pressure in the reservoir and driving the oil to the production well(s).
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w Chemical additives, such as surface active agents or solvents are often added in front of

the water drive to aid in the flow of oil within the reservoir (Lawson & Reisberg 1980).
Also, polymers may be added to the drive water to incréase its viscosity, and thereby its

oil displacement ability. When the proportion of water in the produced oil becomes too

| great, production of thc well is often halted. It is at this stage that microbially enhanced

oil recovery (MEOR) is considered, for these produced wells. )

The efficiency of oil recovery processes is dependent upon two factors: firstly,
the pra{’p;m'cs of the oil-bearing formation, such as porosity and permeability of the
reservoir and the nature of the rock surface; and secondly, the fluid properties of the oil

and’connate water within the reservoir (Finnerty & Singer 1983, Neumann et al. 1981).

" These factors interact to determine the flow of oil through a reservoir (Bubela & McKay

1985, Shah 1981). Porosity refers to the pore spaces or channeling throughout the

formation and pennéability is governed by the size of the ‘entrances’ and ‘exits’ of these

pores. Thus, Physical aspects such as viscosity of oil, capillary forces and iritcrfaciél
tension between the various phases within the formation, control the mobility of the oil.
These forces act as restraints aga_ins‘t the drive of natural or applied pressure. ~
Consequently, microbial activities which lead to a reduction of these restraining forces
are potentially useful for enhancing oil recovery. -~

Springham (1984) and Janshakar (1985) have compiled lists of mechanisms by'
which bacteria may release oil by virtue of their growth and metabolism within the
reservoir. Using the reservoir as an in situ fermentor, the growth of microorganisms
could possibly result in the following;

1) increasing reservoir permeability by the dissolution of carbonate rock found in
some reservoirs by organic acids produced by anaerobic microbial growth;

2) production of carbon dioxide, hydrogen, methane and nitrogen gases which

can function to increa$e reservoir pressure, can dissolve in the oil thereby reducing its



viscosity, or can affect the solubility of different components in the oil, ¢.g. Co,

precipitates asphaltenes, freeing the lighter, less viscous fractions;
3) degradation of large molecules in the oil thereby reducing viscosity. (Singer et
al. 1983); |
4) j)roduction of Emuh'iﬁe;s and surfactiht# which can reduce the viscosity of oil
or the int;zrfacial tension of oil/water mixtures; and -
5) production of polymers which increase the viscosity of the injected drive water; |
or ;vhich selectively plug regions which have been previously swept by watcrdeqding
N procedures. Organisms having these .capabilities have been c?msidcrcd for in situ
enhanced oil recovery,

Environmental éonditions such as temperature, pH, salt concentration, nutrient
supply and carbon and energy sources, vary among reservoirs and are often selective for
microbial growth. For example, .tcmpcraturcs greater than 85°C are usually found in
deep reservoirs, as temperature increases with dcpth -High pressures also can be
encountered (Forbes 1980) and thc salinity of dt oomme wm;\bg as high as 20%.

A computer search by Clark er al. (1981) shows that Q7% oﬁesd'tvmrs in the ten top
producing states in the U.S. A have environmental condmons compat:blc with microbial
growth. This observation is based on the reservoir | having a temperature of 75°C or less,
a pH range between 4.0 and 9.0, a salt concentration of 10% or less and an API gravity
of the constituent crude oil of 17° or more. These criteria, hewever, do not take into
account the possibility of using halophilic and extreme thermophilic organisms in MEOR
broccdures. Oxygen (air) is often absent from the reservoir due to its role in corrosion
(Forbes 1980) and it's injection into reservoirs is restricted. Anaerobic or fgcultativc.
non-hydrocarbon utilizing, solvent-producing organisms, therefore, have .bccn the

microbes of choice for in situ oil recovery applications. Because these organisms do not



use hydrocarbons for growth they must be supplied with another cheap substrate such as
molasses. ‘f |

Actual ﬁcld tests have shown limited success. Hitzman (1983) has compiled a
detailed rcvic;‘w of several different field trials conducted in eastern Europe and the U.S.
which show widely varying results. Lazar (1 983a) reported increased oil production in
2 ou; of 7 Romanian wells which were injected with adapted bacteria and a molasses
sub‘atc. Yarbrough and Coty (1983) found a statistically significant increase in
production of oil using Clostridium acetoburyl;'cum and beet molasses injected over a 6
month period in an Arkansas reservoir. McGraw-Hill's Biotechnology Newswatch
reported that A.G. Swan of Science Research Centre in Abilene, Texas has sceded wells
with a mixture of organisms plus molasses substrate, resulting in a 50% increase in
production over 9 months.qlhe mechanisms for these increased levels of oil production
were not reported. Further reports indicate that other field studies are underway, and
Mclnerny and co-workers at the University of Oklahoma recently patented an oil
recovery enhancement process (U.S. Patent 4,522,261, 1985) which involves injection
of Bacillus licheniformis JF-2 into the water flooded formation. Many field trials are
- being carried out on produced wells of oil companies, however, the results usually

remain confidential. The fact that trials continue to be carried out by these companies

suggests some measure of success with the microbial enhancement of oil recovery.
B. Injection of Microbial Products

Polymers are sometimes added during waterflooding to increase the viscosity of
the drive fluid (Shah 1981) as this results in a more stable displacentent front to push out
oil (Gabriel 1979). The chemical water-thickening agents most often used are

polyacrylamides, but these have limitations as they are sensitive to shear degradation,

’
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have limited temporal stability, are salt sensitive and are highly polar so they are easily
adsort;cd out of a fluid system. Polyacrylamides also have been found to stimulate the
growth of some aerobic soil organisms (Gn;la & Sewell 1983) and may be subject to'
microbial degradation. The most common biopolymer used is xanthan gum and this
polysaccharide has several chaectcristics which make it advantageoys_ for this‘
application (Forbes 1980, Gabriel 1979). It is very »cfﬁci'cnt, having high tthkcning
power per unit of concentration and it exhibits a marked pseudoplastic or mixotrophic
behavior. This means that it is sensitive to shc;r and can therefore be pumped and
handled quite c;sily, but when the shear forces are removed its thickening properties are
rapidly recovered. Xanthan gum is also reasonably stable fo temperatures up to 90°C, to
high salt concentratigns and is relatively unaffected by the ic:‘liéi €nvironment.
Xanthomonas sp. polysaccharides élso have shown their usefulness in reducing friction
in the flow of viscous fluids such as drilling muds and in oil transport (Hoyt 1985).
Surface active agents, which include emulsifiers and surfactants, can be used to
solubilize or displace trapped oil in the formation while emulsifiers which reduce
" viscosity might find application in reservoirs with heavy oils. Oil tends to get trapped in
‘ pores within the formation because the necks of these pores are too narrow to allow for
free movement of the oil. Energy is mquirea to alter the interface of the oil such that it
can move through the neck of the pore (Shah 1981). A reduction of interfacial tension
reduces the amount~of energy required to achieve this deformation. Chemical
surfactants, especially sulfonates, are currently used in the field for this purpose
(Lawson & Reisberg 1980? Wasan & Mohan 1977). There are no examples of

biosurfactants or bioemulsifiers being injected into the reservoirs, although this has been

proposed (Finnerty & Singer 1983, Gerson & Zajic 1979b, Singer 1985).



C. Bitumen Recovery from Oil Sands

Oil sand separation is a relatively recent area of investigation and has not been
included in the term microbially enhanced oil recovery. Athabasca oil sand is a mixture
of quartz sand, clays, bitumen e\_nd water (Sc!;mmm et al. 1985). Williams 'e: al. (1984)
described a high grade dil sand as having a 12% bitumen and 4% water content, whereas
8% bitumen and 8% water is considered a low grade oil sand. Bitumen is an extremely
viscous mixture of hydrocarbons consisting of approximately 45% oils, 35% resins and
20% asphaltenes. The recovery method involving hot water/steam at 80 - 85°C and high
pH of 8.5-9.0, causes the bitumen film on the sand particles to rupture and separate

from the sand. As previousiy mentioned, the settling of the sludge that is formed is a

very slow process and its storage is expensive as tailings storage requires large land -

areas. The environmental hazard is due to the alkaline nature of the tailings, which
results from the large amounts of NaOH (0.2 Kg/tonne ore) used to attain the elevated
pH required for the extraction process. Foght er al. (1985) have reported a range in pH
of 8.1 to 8.4 for tailings pond samples. The successful development of cold water
extraction procedures ‘involving biosurfactants would circumvent the distinct

disadvantages of current recovery practices.

2. SURFACTANTS AND EMULSIFIERS

A. Mode of Action—;nd Structure

3

An interface is a boundary between two immiscible phases and a surface refers to

10



g where one of the phases is a gas, usually air. Surface active agents act at

id include both surfactants and cmulsiﬁcrs. Hayes and Nestaas (1983)

\ 0P 1
‘ ,'.:Q."""}‘;&ld  and a hydrocarbon. A surfactarf then, reduces the energy required
for the formaﬁ of an emulsion whereas an emulsifier is a substance which stabilizes an
emulsion that is already formed, so that the emulsified ﬁtcﬁal will n& readily coalesce.
. Surfactants and emulsifiers have an amphipathic molecular structure, ir‘| that each

molecule is composed of groups with opposing solubilites (Gutcho 1977). The presence

of both hydropiﬁlic and hydrophobic moieties causes the surfactant molecules to distort

N

-

the liquid structure at the interface and increase the free energy of the system, thus
Sromoting emulsion formation. Coalescence of the dispersed droplets of an emulsion is
thermodynamically more favourable, so these dispersions are never completely stable
(Zajic & Panchal 19’/6) An emulsifier, however, is able to stabilize an emulsion
because it adsorbs around a dispersed drop as a film which will not adhere, nor thin if
two drops collide. Biosurfactant; and bioemulsifiers, therefore, are defined as surface

active agents obtained from a biological source.

B. Methods of Detection of Biosurfactant and Bioemulsifier Activity

The methods for detecting the production of biesurfactants and bioemulsifiers by
microorganisms involve observing the physical effects of these agents' action.
Reductions in surface and interfacial tensnon indicate the production of blosurfactants
while emulsification tests determine emulsion stability and have been used w establish
biocmulsiﬁcr production.

Biosurfactant production is monitored by a tensiometric assay since biosurfactants

11



reduce surface and interfacial tension of liquids. Almost all of the surface and interfacial
tension measurements reported were made with an instru;nqnt using a du Nuoy ring.
The ring is submerged in the liquid and then pulled back'through the liquid to determine
the tension as the ring breaks the surface. Interfacial tension is dctcn',ined in a similar
manner when a second phase, usually hexadecane, is layered over the first phase, after
the ring is submerged. The interfacial tension is measured as tfe ring breaks through the
first liquid into the scc;)nd layer. Moére accurate measurements of interfacial tension of
low value, i.e. < 1 dyne/cm, have been determined using the drop weight method
(Singer eral. 1983a).
Because the tensiometric assay is a direct measure of the physical parameter of
q activity it can be used directly to measure biosurfactant produ'ction. As discussed
previously, surfactant accumulates at the surface or interface of a liquid wl.lich, when that
surface or interface area is saturated by surfactant, icads to a reduction of the surface or
interfacial tension of that liquid to a minimum value. Any further increase in surfactant
concentration leads to aggregation of these molecules to form micelles and this phase
transition point is called the critii:ﬂ ticelle concentration (CMC). The determination of
the cn'tical' micelle conccntratioﬁ.is achieved by measuring successive dilutions of the
liquid containing the purported surfactant. The dilution at which the surface tension

]
begins to increase is designated the critical micelle concengration and the inverse of this

di{ution (CMC 1Y) is used as a measure of the concentration of that surfactapt (Gerson &
Zajic 1978). These values can be compared for a particular surfactant, bu? not among
different surfactants. This measure of surfactant concentration is very useful when
attempting to optimize microbial production.
In their early investigations, Rcisﬁclcijet al. (1972) developed a method to
determine the extent of oil dispersion caused by A. calcoacericus RAG-1. This involved

turbidity measurements in a Klett-Sumfnerson colorimeter fitted with a green filter.

12
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Spectrophotometric methods also have been used by other groups (Cirigliano and
Carman 1984, lllarionova et al. 1984, Roy er al. 1979).

A qualitative test of emulsification used by several investigators is the test tube
emulsification method (Cooper and Zajic 1978) where the percent of the total volume
occupied by the emdision was used as a measure of emulsion-stabilizing ability.'Other
investigators used this method, with different volumes of liquid culture and kerosene,
and demonstrated the production of bloemulsifiers by two Corynebacterium species
(Akit er al. 1981) and Torulopsis petrophilum (Cooper & Paddock 1983). Caimns et al.
(1982) determined the half life of emulsions using this assay method and were able to

apply this technique for establishing the production of dc~crr{ulsification agents by

. [ 4
Nocardia amarae .

A more sensitive method of assessing emulsification is to determine the mean
droplet diameter of the emulsion which is directly related to the stability of the emulsion.
A smaller droplet diameter average indicates a more stable emulsion (Zajic et al. 1977a).
Panchal and Zajic (1978) used the Coulter Counter to measure drop sizes in em;xlsions.
and Zajic et al. (1977b) measured droplet diameter using a light microscope.

"The methods previously described generally require several days for the growth of

the organism, the use of large volumes of material and filtration or centrifugation to

obtain cell-free culture broth prior to assay. The development of rapid screening

procedures, therefore, is desirable for the detection of surface active agent production.
Mulligan ez al. (1984) devised a blood agar plate screening method which is based on the
observation that surfactin, the biosurfactant produced by Bacillus subtilis , can rupture
erythrocytes. For surfactin, the degree of clearing is proportional to the concentration of
surfactant (Mulligan er al. 1984). Singer (1985) has shown further evidence of the
correspondence between surfactant concentration and cleared zone diameter with several

other biosurfactants on blood agar plates. However, for this assay, the microbes in

13



question must be able to produce biosurfactants without the presence of a hydrocarbonr
substrate, and it is necessary to assure that this clearing is not due to protease lctivi(y
The possibility of icorporating a hydrocarbon substrate, ¢.g. hexadecane, into blood
agar plates was not cxamined. Singer and coworkers (Fimierty & Sin , Singer
1983, Singer er al. 1983b) aiso have shown ﬂm cmde oﬂ agar plm%}
demonstrate surfactant ptoductxon which is seen as zones of clearing on ukw plates.
This assay comelm;s with bioemulsifier pMucﬁm as 82% of the positive isolates
detected demonstrated bioemulsifier activity in emulsiﬁcaticlm testing (Singer er ¢;l.
l9é3b). The incorporation and uniform dispersion of crude oil in‘to an agar medium is

.

not a trivial procedure.

3. SURFACE-ACTIVE AGENT PRODUCING ORGANISMS
A. Microbial Sources of Biosurfactants and Bioemulsifiers

There are many surface active agents produced by microorganisms and these have
been discussed in several reviews (Cooper et al. 1979b, Cooper & Zajic 1980, Gerson
& Zajic 1979b, Ratledge 1980, Zajic & Panchal 1976, Zajic & Steffens 1984). The data
in Table 1 summarizes those discussed here. The maih chemical classcsAof these
compounds are glycolipids, polysaccharide-lipid complexes, lipopeptides,

phospholipids, fatty acids and neutral lipids (Cooper Zajic & Gracey 1979, Zajic &

Steffens 1984). Surface active agents can be cell-associated or extracellular and the most

commonly isolated extracellular surface active compounds are glycolipids.
Zajic et al. (1977a) found that Corynebactenum hydrocarboclastus produccs
compounds having both surfactant and emulsifying pmpcm&c Thc possession of two

used to '
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critical micelle concentrations suggests the presence of two surfactants, and prelimi ’
chemical analysis of the compounds indicaicd that they were probably a glycoprotein ;i
a lipoprotein. P?mchal and Zajic (1978) reported that emulsifying agents which also
demonstrate surfactant properties, are produced by Corynebacterium sp. PPS-11. The

agents may be glycolipid in nature, although this requires confirmation. Gerson and

Zajic (1979a) found that Corynebacterium lepus produces potent biosurfactants which

also have émulsifying capability (Gerson & Zajic 1978). Analysis of these
predominantly lipid products by Cooper et al. (1979b) showed a mixture of

corynomycolic acids produced early in the fermentation, followed by production of a

lipopeptide containing corynomycolic acids and small amounts of phospholipids and -~

neutral lipids. Gerson and Zajic (1979a) also found corynomycolic acids to be the major
components of the, biosurfactants produced by Corynebacterium fascians, C.

hydrocarboclastus and Corynebacterium xerosis. Both surfactant and emulsifying
- properties have been demonstrated by neutral lipids extracted from producing cultures of
C. fascians 1CPB and Corynebacterium insidiosum ICPB C113A (Akit er al. 1981).

Singer er al. (1983 a) isolated an organism, tentatively idemntified as a Corynebacterim
sp., which produced a glycolipid having both surfactant and emulsifying properties
(Finnerty & Singer 1984, Singer et aj. 1983a, Singer er al. 1983b).

Arima and coworkers (1968j initially isolated and characterized a lipopeptide
biosurfactant produced by B. subtilis.. This compound, called surfactin or subtilysin,
' demonstrated exceptional surface activity as a reduction of the surface tension of water
from 72 to 27 dynes/cm was accomplishcd‘with a concentration of 0.005% surfactin.
Other biosurfactants seldom reduce the surface tension of water below 30 dynes/cm
(Coopc; et al. 1981). An equally potent biosurfactant resembling surfactin, was
produced by B. licheniformis (Jenneman et al. 1983, Pfiffner er al. 1985). This

compound also demonstrates emulsifying activity and preliminary studies indicated some

18



ability to mobilize oil in a sand pack column. B

Gerson and Zajic (1978) reported the production of a biosurfactant by
Pseydombnas asphaltenicus which reduces the surface and interfacial tension of. the
fermentation broth as effectively, but not as efficiently, as C. lepus . The biosurfactant
is primarily carbohydrate and is completely devoid of protein. Several investigators have
demonstrated production of a rhamnolipid by strains of Pseudomonas aeruginosa.
Guerra-Santos et al. (1984) observed that a rhamnolipid produced by P. aeruginosa
reduces the surface and interfacial tension of the medium to 29 and 0.2'5 dynes/cm,
respectively. Koronelli er al. (1983) found that P. aeruginosa P-20 produces a
peptidoglycolipid biosurfactant. Another group (Reddy er al. 1'983) found that
Pseudomonas PG 1 prpduccs a peptidoglycolipid which demonstrates hydrocarbon
cmulsifying and solubilizing propcrtivcs. Wagner et al. (1983) also have observed
emulsifying capability by a glycolipid produced by Pseudomonas sp. MUB.

Several investigators have examined cell-associated biosurfactant prod‘uclion b);
Rhodococcus erythropolis (Kretschmer et al. 1982, MacDonald er al. 1981, Wagner e.t
al. 1983). Many compounds with biosurfactant properties can be recovered, including
long lchain alcohols, phosphatidylethanolamines and trehalolipids. Rapp e al. (1979)
found that the trehalolipids were the major compounds responsible for the surface
activity. Trehalolipids and long chain alcohols with emulsifying activity, are also
produced by Arthrobacter paraffineus KY4303 (Suzukier al. 1969) and A. paraffineus
NRRL B:3453 (Akit er al. 1981).

A great number of investigations have been concerned with the very potent
emulsifier produced by A. calcoaceticus RAG-1. Initially identified as Arthrobacter
RAG-1 (Belsky er al. 1979, Zuckerberg et al. 1979), this isolaté produces an
extracellular lipid-polysaccharide complex called emulsan (Roscn.bcrg Zuckerberg

Rubinovitz & Gutnick 1979, Zosim er al. 1982). Although it has no surfactant

19
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properties, it is capable of binding very tightlf/ to hydrocarbon droplets, thereby strongly
stabilizing emulsions. Emulsan also demonstrates specificity to the hydrocarbon
substrates involved in the emulsion (Rosenberg Perry Gibson & Gutnick 1979), in that
an aliphatic/aromatic hydnpgrbon mixture produces a more stable emulsion than either a
strictly aliphatic or aromatic substrate. Kaplan and Rosenberg (1982) have tsolated a
bioemulsifier from A. calcoa'ceu'cus BD413, which has a slightly different chemical
composition than emulsan although the pnccisc.composition" of either ‘bioemulsiﬁcr hasl
not been determined. The l'ipid-polysacchan'dc‘complex from A. calcoaceticus BD413,
has similar emulsifying capabilities, but different emulsion hydrocarbon substrate
specificity, than emulsan. After testing several A. calcoaceticus strains, Sar and
Rosenberg (1983) suggest?d that production of extracellular emulsifying agents is a
general Chai i :;r;'stic of thlS species. .

Neufeld et al. (1983), however, isolated an organism iden;iﬁed as-A. calcoaceticus
2CA?2, which did not produce an extracellular bioemulsifier, but rather had only
cell-associated surface activity. This organism also reduced surface and interfacial

tension and produced an extracellular lipopeptide with good de-emulsifying properties

_(Neufeld & Zajic 1984). A strain of N. amarae also has shown de-emulsifying

c

capability as well as surfactant activity (Akit er al. 1981), with both of these properties
being cell-associated (Caims er al. 1982, Gray er al. 1984). . !

Bactcrfa are not the only microorganisms which produce biosurfactants and
bioemulsifiers. The yeast, Candida p;trophilum, produced an emulsifying factor

composed of protein and lipid (Iguchi et al. 1969). Ten strains of Candida lipolytica

" demonstrated emulsification properties (Illarignova er al. 1984) and Roy et al. (1979)

-

characterized the active compound as being either a peptidolipid or a lipopeptide.
Cirigliano and Carman (1984), however, recovered a carbohydrate emulsifier from C.

lipolytica.. Another yeast, Torulopsis bombicola, produces a sophorolipid which
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demonstrates surfactant activity (Cooper and Paddock 1984, Inouec and Ito 1982).
Cooper and Paddock (1983) isolated a pt;ﬁcnt protein-containing bioemulsifier as well as

a glycolipid surfactant from T. petrophilum . C)
‘
B. Distribution of Producing Organisms

Although no surveys have been undertaken to determine the ecological distribution
of organisms which produce biosurfactants and bioemulsifiers, one could assume that
they are rather ubiquitous in the environment since they have been isolated from a'variety
of sources. Hydrocarbon éontaminated sources, for example oil polluted waters and
soils, have yielded many surface active agent producing organisms suggesting a;ositivc
relationship between the presence of hydrocarbons and biosurfactant production. For
example, A. calcoaceticus RAG-1, the producer of emulsan, is an isolate from a mixed
Ruiture which Was'obtaincd frem a beach sample in Tel Aviv, Israel (E. Rosenbcrg
1985, personal eqmmunication). Panchal & Zajic (1978) isolated a bisurfactant
producing Corynebacterium sp.PPSII from sewage sludge which had been enriched
with hydrocarbons. Akit er al. (1981) have isolated biosurfactant producing
coryneforms from populations of phytopathogens and soil organisms and Finnerty &
Sihger (1984) isolated a biosurfactant producing Cor}hebacrerium, isolate H13-A, from
soil. . Asphaltic gums, crude petroleum and paving asphalt samples. have yielded
Corynebacterium isolates which produce biosurfactants (Gerson & Zajic 1979a) and a
biosurfactant producing strain of B. licheniformis was isolated from an oil-fi’cld
injection water sample (Jenneman et al. 1983).

- It has long been noted that degradation of hydrocarbqns is often accompanied by
the broduction of biosurfactants and bioemulsifiers (Floodgate 1978, Rambeloarisoa et

al. 1984, Zajic & Panchal 1976). Gutnick and Rosenberg (1977) proposed that surface



activc agents function to suspend the hydrocarbon droplets formed, thus making the
substrate more accessible to the microorganisms. There also has been the suggestion
that extracellular lipid compounds may function in alkane uptake (Finnerty 1977).
o Flooégate (1978) and Ito and Inoue (1982) are among several investigators whe noted
that the presence of the biosﬁrfacta'nts and bioemulsifiers markedly stimulated the growth
of the organisms on hydrocarbon substrates. These observations suggest that
bioemulsifier and biosurfactant production.may be related to the pjesence of
hydrocarbon. ' -

It does not follow, however, that a hydrooarbon substrate is always required for
the production of surface-active agents. For example, A. calcoaceticus RAG-1 produces
large quantities of emulsan with ethanol rather than hexadecane as the carbon source
(Rosenberg _Zuckcrberg Rubinovitz & Gutnick 1979). The production of surfactin by B.
subtilis is actually' inhibited b-y the presence of hydrocarbons although hydrocarbons

have no effect on growth of the organism.

C. Isolation and Growth of Biosurfactant and Bioemulsifier Producers

Because of the common association of the growth on hydrocarbons with the
production of surface active agents, enrichment conditions usually involve a
hydrocarbon substrate, for example crudc oil, kerosene or hexadecane. Even when
screening for biosurfactant producers from a sample free of hydrocarbons, e.g. with the
phytopathogens investigated by Akit er al. (1981), hexadecane was used as a carbon
source to stimulate biosurfactant production. Hydrocarbon substrates may function as
inducers of biosurfactant production and not just enrich for producing organisms.
Therefore, they shou,ld.h% included in thc“mcdium when screening for surface active

L) -/

agent producers. |
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Four percent hexadecane or 4% kerosene has been employed for growth-and
optimum biosurfactant production of various coryneform bacteria (Akit gt'al. 1981), C
lepus (Cooper ét al. 1979b) and R. erythropolis (MacDonald et al. 1981)‘.' One yeast, T.
bombicola was grown on 2% alkane for the production of a sophorolipid biosurfactant
(Inoue & Ito 1982). The reduction in the amount of alkane, from 4% to 2%, was
employed to reduce its toxic effect on the organism. C. herocarchlastus

demonstrated goodeproduction of surface active agents when grown on 2%

hydrocarbons or 1.5% carbohydrates, although production was higher on;Cn'- and C -

alkanes than on carbohydrates (Zajic ef al. 1977a). Both B. subtilis (Cooper et al. 1981)
and B. licheniformis JF-2 (Javaheri et al. 1985) produce biosurfactant when grown on
4% glucose. Guerra-Santos et al. (1984) found that the best production of biosurfactant
by P. aeruginosa was achieved using either a hydrocarbon or glycerol rather than
glucose. Neufeld er al. (1983) observed that A. calcqaceticus 2C-2 grew better on 1%

hexadecane than on 1% kerosene. However, Rosenberg, Perry, Gibson and Gutnick

‘( 1979) observed that A. calcoaceticus RAG-1 produced greater emulsifying quyny .
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men grown on 0.1% ethanol than when grown on 0.2% hexadecane. This may be

due, however, to a better recovery of the emulsan from the non-hydrocarbon culturc

medium rather that differe- s - s Auction levels.

4. RECOVERY AND CilAK 712 t ZATION OF BIOSURFACTANTS AND

BIOEMULSIFIERS

A. Methods of Recovery of Surface Active Agents

In most cases, the biosurfactants and bioemulsifiers which have been identified are

e
‘e



extracellular products. Therefore, it is cell-free culture liquids }hat are subjected to
various procedures for rccbv;:ry of these agents. Cells are usually removed by
centrifugation and filtration procedures.

The methods used for the recovery of biosurfactants and i)iocmulsiﬁcrs from
cell-free broths have generally involved either precipitation or solvent extraction.
Surface active agents have been most commonly recovered by acid precipitation,
although emulsan has been recovered by ammonium sulphate precipitation (Kaplan &
Rosenberg 1982). Acid precipitation has been used to recover biosurfactant from
Bacillus species (Cooper et al. 1981, Pfiffner et al. 1985) and from Corynebacterium
species (Zajic et al. 1977b). Organic solvents have been used extensively to extract
bioemulsifiers and biosurfactants from cell-free broths. Biosurfactants and
bioemulsifiers have been recovered by extraction using ethanol (Hilton & Kapur 1982,
Iguchi et al. 1969), alkanes (Cooper et al., Cooper Zajic & Gracey 1979, Rosenberg
Zuckerberg Rubinovitz & Gutnick 1979), ethyl acetate (Ito & Inoue 1982) and various
solvent mixtures (Cirigliano & Carman 1984, Kretschmer et al. 1982, Rapp et al. 1979,
Singer et al. 1983a, Suzuki et al. 1969, Wagnerer al. 1983). Acetone precipitation has
also been used for bioemulsifier recovery ( Floodgate 1978, Reddy er al. 1983).

B. Methods of Characterization of Surface Active Agent Components

Since the major classes of components making up biosurfactants and
bioemulsifiers are lipid, carbohydrate and protein, standard analytical procedures have
been used for the detection and identification of these components (Cooper et al. 1979b,
Finnerty & Singer 1984, Javaheri et al. 1985, MacDonald et al. 1981, Rambeloarisoa et
al. 1984, Reddy et al. 1983).
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5. APPLICATIONS OF BIOSURFACTANTS AND BIOEMULSIFIERS

A. Oil Sand Separation

-

v .
The environmental problems associated with the disposal of tailings from the hot

water/alkaline processes used to recover bitumen from oil sands have been a major
incentive factor for research intq a cold water process using biosurfactants. Measuring
the release of bitumen from oil sand by microbial products under laboratory conditions
has taken ifto account two main mechanisms of separation. The first is the release of
bitumen from the oil sand through flotation and solubilization of bitumen and the second
is the separation of sand and clay from the oil sand leaving a residue with high bitumen

concentrations (Zajic & Gerson 1978). It has been observed that tar balls result with the

25

complete removal of the sand and clay from oil sand. Zajic and Gersan (1978) found ‘

that Corynebacterium 1BD released 64% of the sand from oil sand samples and™

Corynebacterium OSGBI1 released 10.1% of the total bitumen, as well as increasing the
bitumen concentration of the residue. The whole broth of Corynebacterium OSGB1 was
more effective than the crude recovered biosurfactant at separating bitumen from oil sand
(Gerson & Zajic 1977). Zajic and Akit (1983) found that a culture (;f C. fascifzfs was
almost as cffective at oil sand separation as their most effective commercial surfactant,

Nalco 7710.
B. Viscosity Reduction of Heavy Oil

The reduction of the viscosity of heavy crude oil can be effective in the in siru

displacement of oil. The formation of stable heavy oil-in-water emulsions can lead to



™
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substantial viscosity reductions of these fluids where thé Viscosity of this mixture then
resembles that of water rather than crude oil (Jack 1984). Hayes and Ncs(aas (1983)
have found that emulsan- stabnhwd oil-in-water emulsions hawe an optimum composmon
of 70% oil and 30% water. A model system of pipeline transport demonstrated the
stability of emulsan and the emulsion to the stress of shear degradation found in this
mode of fluid transport. This resistance to shear forces has also been demonstrated for
Xanthomonas polysaccharides (Hoyt 1985) which reduce the turbulemt friction in fluid
flow thereby reducing drag. _ <

Finnerty and Singer (1984) found that isolate H13-A, substantially reduced
relative oil viscosity when grown on heavy crude oils. Vistosity reductions of 93-98%
were observed with growth on Mongas crude oil and reductions of up to 99% were
obscrvcc‘i‘with gsowth on Cerro negro crude oil supplemented with hexadecane. The
production of a glycolipid-protein polymer and the subsequent formation of a stable
oil-in-water emulsion accounts for this phenomenon. The extracellular glycolipid, at a
concentration of 2951mg/L, resulted in a 50% reduction of the viscosity of Monagas

crude oil (Singer et al. 1983b).
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. MATERIALS AND METHODS
Cn

—

1. MICROORGANISMS
A. Sources of Organisms

Identified organisms capable of producing surface active agents were used a's
controls for testing the methods used in this study and are listed in Table 2. Cultures -
hown to produce biosurfactants or biocmulsiﬁ—crs. were obtain;d from the American
Type Culture Collection (ATCC): B. subrilis ATCC 21332, a surfactin producer and
A. calcoaceticus ATCC 31012, an emulsan producing RAG-1 isolate. A. calcodcé'riau
BD 413, a bioemulsifier producer (Kaplan & Rosenberg 1982), was provided by Dr. D.
Gutnick, Tel Aviv University, Israel. C. petrophilum ATCC 21404 and
Corynebaciterium sp. ATCC 15529 were included in this survey bpca:nse they were
described as utilizers of petroleum fractions and n-alkanes. R. erythropolis ATCC
25544, formerly known as Nocardia eryrhropélis, was included as a biosurfactant
producer.

Other "new" isolates were investigated for their ability to produce biosurfactants
and bioemulsifiers. Enrichments of bacteria which have been maintained in the
laboratory for several years by regular transferring demonstrated immediate dispersion of
oil when it was added to the cultures. These enrichmenys and pure isolates obtained
from these cultures were screened for surface active agent production. The cmichmgpt '
cultures studied included the Shell Lake culture which was obtained from a sample site at
~ asca plane base at Inuvik, Northwest Territories (Cook & Westlake 1973) and was very

active %n oil degradation. This culture and its isolates are listed in Table 3. Other

27
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enrichment cﬁlturcs were obtained from sample sites in northern Puget Sound and the
Strait of Juan de Fuca, Washington State (Westlake & Cook 1980) and were dcsigpatcd
1B and 4B (beach) and 4S (sediment). Pure cultures solag\d from these sourécs were
designated as 1B-1, 1B-2, etc. Manyvknown biosurfactant producers, e.g. species of
Corynebacterium, Arthrobacter and Bacillus, are Gram positive organisms. Therefore,
Gram positive isolates from the Washington State sites (Westlake & Cook 1980) were
tested for surface active agent producfidﬁ and are designated as "NOAA isolates”. These
organisms and the other marine cultures s.u,’rvcycd are listed in Table 4.

', Hydrocarbon enriched sources provided other ﬁulturcs for this investigation.
Samglcs of water from oil storage tanks were obtained from Interprovincial Pipelines in
Edmonton, Alberta, and enrichment cultures from these samples were designated IPL
Ts-l through IPL TS-5 (Table 5). Oil dcgmdiné isolates, designated as PsL7aF,
PsL7aC, PsL6a and PsL1a (Table 6) were obtained from soil samples at Lodgepole,
Alberta, which were contaminated by an oil spill in 1984. An enrichment culture also
. was established from an Athabasca oil sand samplc‘using 20 g oil sand/200 mL
medium. This enrichment and the pure cultures isolated from this source are listed in
Table 6.

Fertile soil and sewage are rich sources for a great variety of microorganisms and
enrichment cultures ”wcrc established from samples of garden soil using 10 g soil/200
mL medium, arid a sample of sewage using 10 mL sewage/200 mL medium from the
Goldbar Wastéwatcr Treatment Plant, Edmonton, Alberta. These cultures (Table 6)
were included u; | the screening processes and as potential sources of pure cultures. A
few cbntaminants (Table 6) were included which were isolated from solvent rinse

containers and dilute, non-sterile dispersant solutions. .

10
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B.- Growth Conditions

The various media, hydrocarbon substrates, growth tcmpcraturés and asSay
methods used for each culture are listed in Tables 2-6. Cultures, unless otherwise
specified, were grown in in 500 mL Erlenmeyer flasks containing 200 mL of liquid
medium with a 1% hydrocarbon substrate. The cdmpositioq of the media used are listed
in the Appendix. The cultures were incubated on gyfota;y shakers at 250-300 pm.
Initially, inocula for the cultures were providcd directly from enrichment cultures using
10 mL as inoculum, or from colonies on solid media. The resulting liquid cultures were
succ;ssivcly transferred, using 10 mL ?f 72-96 hr culture as inoculum; at least twicc‘in a

medium before assessing surface active agent production.
| Pure isolags were obtained from the various enrichment cultures by serial dilution
and plating on solid media, incubating at 27°C for 24-72 hr and picking single colonies.

Each colony selected in this manner was replated to ensure purity. Marine cultures and
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others grown in artificial sea water (ASW) medium, were plated on basal marine agar '

(BMA) while cultures grown in non-marine types®f media were plated on plate count
medium solidified with gellan gum (PC+K9A40). Gellan gum was used instead of agar
to solidify this medium because of the clarity of the gelled medium and its lower cost.

2. CHEMICALS

The hydrocarbon substrates employed for growtb and assay methods included
Prudhoe Bay oil (Atlantic Richfield Co., Harvey Technical Center, Harvey, Illinois),
Cold Lake oil (Esso Resources Canada Ltd.), kerosene (Gulf Canada), hexadecane (both

Eastman Kodak Co., 98%; and Fisher Scientific, 99.8%), tetradecane (Chemonics.

Scientific Ltd., 99%) and 2-methy] naphthalene (Aldrich Cemical Co. Inc.).
i r “



L]

Comﬁxcrcial dispersants Drew Lt (Drew Chemical L., {\jax, Ontario) and Igepal
Co 630 (Van Waters & Rogers, Lid., Edmonton, Alberta) were used as reference
compounds. A sample of the biosurfactant produced by A. calcoaceticus BD413
("emulsan”) was provided by Dr. D. Gutnick, Tel Aviv University, Israel.

Pentane, methylene chloride, ctﬁyl acetate and acetone (Fisher Scientific) were
used .as extraction soivents for the recovery of biosurfactant. Toluene (Fisher Scientific)
was used in the bitumen recovery assay.

Thin layer chromatography procedures involved the use of plastic sheets coated

with silica gel F,, (Merck) and Rhodamine-6-G dye (Sigma). Reference compounds
included myristic acid, monomyristin, dimyristin and trimyrisitn (Sigma). Hexane,
isopropy! ether and‘ acetic acid (Fisher Scientific) were used for developing the
chromatograms. ‘ \

: ) {

3. ASSAY METHODOLOGY
A. Biosurfactants ‘ '

Biosurfactants can cause the clearing of both blood agar plates (Mulligan et al.
1984) and oil plates (Singer 1985), and these two rapid (2'4-48 hr) screening methods
were used to screen for biosurfactant production. Various isolates were grown
acrobically on sheep's blood agar plates and both the growth of the organisms and the
clearing of the plates were visually rﬁonitorcd. It was observed that several plates
showed clearing after storage at 4°C, even though they had not shown any cléaring
during growth at 27°C.‘ﬁm\\:forc, after four days incu‘mtion at 27°C, those plates which
did not dcmonstrék: any Mng were further incubated for up to an additional 4 days at

4°C. Because ciﬁ'ﬁﬁg could be due to the agtion of proteases, organisms which

38
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demonstrated clearing on blood agar plates were further tested for protease production

using a gelatin medium. Various isolates were grown on oil plates at 27°C and their

growth and clearing of oil was visually monitored.

Biosurfactant and bioemulsifier assays were <arried out on cell-free ilture

filtrates. Culture broths were centrifuged for 25 min at 3,840 8, or for 20 min 300

-39

& to partially pellet the cells. The supernatant was then filtered using a membrane filter .

(0.45 um pore, Millipore apparatus). A prefilter (Millipore) and glass woal (Comning
Glass Works) were also used to aid the filtration process. The use of this procedure

means that any cell-associated biosurfactant production would not be detected in this

study.

~

The tensiometric assay was used as the standard method to determine the presence
of extracellular biosurfactants. The surface and interfacial tensions of 25 mL of the
liquid samples were determined at 25°C using an autorﬁatic tensiometer (Fisher Model
215 Autotensiomat Surface Tension Analyzer). The units of surface and interfacial
tension used, are dynes/cm, which are cquivalcrit to milliNewtons/m (mN/m). The
interfacial tension was measured againsg 15 mL of hexadecane. All tensiometric
measurements were rccordéd on a Hewlett-Packard 7100 B stri;? chart recorder. A
commercial dispersant, Igepal Co 630, was used as a rcfércncc. The determination of
the cn'tig,d. micelle concentration (CMC) was accomplished by tensiometric monitoring of
successively diluted aliquots of the sample, plotting the surface and interfacial tension
values on a graph, and the determining the dilution at which the surface and interfacial
tension values begin to rise. This value is considered to be the CMC. The inverse of
this value (CMC)) is the relative conccntratic‘m of bimemt that is produced by the

culture.
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B. Bioemulsifiers
C '

The production of bioemulsifiers was detected by determining the stability of the
em' ons formed. The spectrophotometric oil emulsification assay method that was
developed was a modification of the method of Rosenberg, Zucl{crbcrg, Rubinovitz and-
Gutnick (1979). The procedure involved creating an emulsion and, after a period of
time, measuring the optical density of the er&ﬁi’}sion. In developing the method, several
parameters were investigated including the .mcchanical procedure for creating the
emulsion, the period of time allowedyfor phase separation, the emulsion substrate used
and the selection of a suitable wavelength for monitoring emulsions. The stability of
emulsions prcparcd:i;y circular mixing for 15 and 60 set using a vortex mixer and
horizontal shaking for 15, 30 and 60 sec using a reciprocal shaker were compared over
the period from 2 min to 60 min. The commercial diémﬁant, Drew Lt, was used to
establish these parameters using various concentrations of three hydrocarbon emulsién,~~
sﬁbstmcs, Prudhoe Bay oil, kerosen®nd hexadecane/2-methyl-naphthalene (H/2mN).
As the standard assay, 0.1 mL of hc‘:xadecanelz-mcthyl-naphthalcnc (1:1, v/v) emulsion
substrate was added to 4.9 mL of liquid sgﬁp\le;in a screw-capped test tube. The tubes
were shaken horizontally for 30 sec, at 2&0"_.0)_s§ilfations/nﬁn, on an Ebcrbach reciprocal
shaker and allowed to stand vertically to\sét(tlc for 10 min. A 2 mL sample was then
removed from the lower third of the tube using a Pasteur. pipette and the optical density
determined at 523 nm (Jones, 1975) using a Pye Unicam SP8-500 spectrophotometer
and a 1 cm light path. Cell-free filtrates were used for this a-lssay and each filtrate was
assayed in triplicate using unaltered filtrate as a blank. Sterile medium with emulsion
substrate was used as a control. The commercial dispersant, Igepal Co 630, and a
sample of “emulsan” (provided by Dr. D. Gutnick, Tel Aviv University) were used as

reference emulsifying compounds. Increases in optical density over control values



indicated the presence of emulsifier.

The test tube emulsification method (Gerson and Zajic 1978) also was employed
using 60 sec rather than 2 minutes of mixing by vortex agitation to create an emulsion.
This method was tested using A. calcoaceticus BD 413 filtrates, the Igepat Co 630

standard dispersant and "emulsan”.

4. IDENTIFICATION OF ISOLATE 1B-2 AND CHARACTERIZATION OF ITS
BIOSURFACTANT S -

A. ldentification of Isolate

As culture filtrates of isolate 1B-2 produced significant tensiometric reduction
indicating production of biosurfactant, the organism was identified and ti:c biosurfactant
produced was recovered and subjected to preliminary analysis. Light microscopic
techniques were used to determine cell morphology, Gram stain reaction, motility and
spore formation. Several metabolic charactcﬁstics,Ac.g. axygen requirement, catalase
and oxidase, were also determined to ai& in identification of this isolate (Smibert and
Krieg 1981). The percent guanine plus cytosine content of the deoxyribonucleic acid of
isolate 1B-2 was determined using the procedures of Johnson (1981).

B. Recovery of Biosurfactant
- To obtain biosurfactant for characterization, cell-free filtrates of isolate 1B-2
cultures were subjected to different precipitation and solvent extraction methods.
Ammonium sulphate precipitation (Kaplan & Rosenberg 1982), acid precipitation at pH2

and solvent extractions using methylene chloride, pentane or ethyl acetate were compared

*
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as to efficiency of recovery of b%ossulfactam activity.

Pentane extraction (Cooper & Zajic 1978) was the most efficient and this method
was carried out at various pH levels to determine the optimum conditions for recovery of
biosurfactant. The standard method for biosurfactant récovety involved pentane
extraction at pH 2. Cell-free culture filtrates were extracted twice with 35 mL
pemandi(!) mL filtrate. The solvent was removed by rotary evaporation at 35-40°C and
the resulting crude sediment resuspended in double-distilled water. The sediment also
was extracted with acetone to yield an acetone-soluble and an acetone-insoluble fraction.
These partially purified preparations were assayed tensiometrically to determine
biosurfactant activity. The critical micelle conccntrati:)n of the crude extract was
determined by successive dilution with double-distilled water. Comparisons of filtrate
and pentane-extract critical micelle concentrations enabled the percent recovery of the
surfactant to be calculated. Samples of the crude pentane extract and the acetone-soluble
fraction were weighed, dissolved in methylene chloride and aliquots of these solutions
were placed in the tensiometric apparatus. The solvent was evaporated and the residue

dissolved in double-distilled water and the surface and interfacial tension was

a2

determined. This allowed ific activity of the biosurfactant to be determined in

terms of the critical micelle concentration.

C. Characterization of Biosurfactant

Chemical characterization of the partially purified biosurfactant involved
determining the percent composition of carbohyd}i&, protein and lipid in the lyophilized
pentane extract and in acetone-soluble portion of the extract. Carbohydrate was

determined by Dubois’ phenol-sulphuric acid assay (Dubois ez al. 1956) using fructose

as the standard, and protein was assayed by ultraviolet absorption (Kalb & Bernlohr
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1977) usmg samples dissolved in methylene chloride. Llpld compo;ﬁ\oh w«
determined gravimetrically as descnbed for purified total lipids (HanW"Phnlhps
1981). ' |

biosurfactant. Silica gel 60 F,, sheets were spotted»”\vim.biosurfacunt and Rhown lipid *

{
compounds dissolved in methylene chloride. Both acetone-soluble and
. Q L]
acetone-insoluble portions of the biosurfactant were used along with the reference lipids

myristic acid, monomyristin, dimyristin and trimyristin. Chromatograms were
] i

developed in hexane/isopropy! c(her/accnc acid (15:10:1) solvent as outlined (Cooper ol

al. 1979b). Visualization was achieved by spra‘ying* chromatograms with 0.1% “

e

Rhodamine-6-G, in CHzCl2 Lipids appeared as yellow sp’s under ultra-violet light.

L]
4

5. APPLICATION OF BIOSURFACTANT - BI'RJMEN RECOVERY FROM QIL
SAND

The effectiveness of thépioa;ur?u:mt in the recovery of bitumen was determined
by measuring its release from oil sand into an aqueous phase. Athabasca oil sand 1.5 g
samples were placed into 50 n:L Erlenmeyer flasks and autoclaved at 121°C for 15 min.
Twenty mL of double-distilled water, double-distilled water with biosurfactant, or
double-distilled water with 2% (v/v) Igepal Co 630 were added to the flasks,
representing a control, a biosurfactant test and a reference commercial dispgum effect,
respectively. The flasks were agitated on a rotafy shaker at 200 rpm for 24 hr. The
contents of each flask were the-m:;;ntﬁnged at 12,100 g for 15 min, the supernatant

collected and the bitumen extracted with 10 mL of toluene. The. toluene was removed by
|

-
L

A |
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7
rotary evaporation at 50-55°C.-and the recovered bitumen redissolved in 2 mL of
methylene chlonde. The relative amount of bitumen recovered from oil sand under these
various conditions was determined by measuring the absorbance at 410 nm using a 1 cm

light path.



IV. RESULTS AND DISCUSSION

1. METHODS

A. Development of Spectrophotometric Oil Emulsion Assay

The technique for the preparation of the crﬁulsions and the emulsion substrate for
the spectrophotometric oil emulsion assay were established using commercial dispersants
as emulsifiers. The dcgrcc of emaulsification and stability varied among dispersants.
Initially Drew Lt was used to establish the conditions of ghe a;say. Another commercial
dispersant, Igepal Co 630, which is cited as a mfemnéc dispérsant in the "Guidelines on
the Use and Acceptability of Oi} Spill Dispersants” (Environment Canada, ch'ort EPS
1-EE-73-1, 1973) was used later in the development of the assay method. Drew Lt and
Igepal Co 630 were similar in their emulsifying activity. The data in Figure 1 illustrate
the degree of emulsification and stability difference observed between emulsions
prepared using circular mixing for 15 sec and reciprocal shaking for 30 sec. The mixing
times specified created the most stable emulsions for each mixing method. T:lxcsc data
reveal a much greater instability and variation among samples b‘y circular mixing thaﬁ by
. reciprocal shaking. The data also show that emulsions prepared by reciprocal shal‘dng'
are stable for 10-30 minutes. The effect of varying the regiprocal shaking ﬁmcbn
emulsion siability al:so was invcstigatcd&." A 30 sec shaking time produced crr;ulsions
with the least vanjmon arpon.g triplicate ‘s';ax;nples and wcrel’é‘cw.m‘c:s't stable emulsions for
10 to 30 min (data not shown). Consc&jucntly, a wciprmal.-shaléing time of 30 sec and a
standing time of 10 min were sefected as cgndiu'ons for this asSay method. |

Undefined hydrocarbon mixtures, i.e. Prudhoe Bzy oil or kerosene, initially were
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investigated as emulsion substrates. While optical density readings were higher when
using crude oil than when using kerosene as emulsion s.ubstratc, crude oil was not™.
emulsified as easily as'kerosene (data not shown). It also interfered with the pipetting
of the sample from the test tube to the cuvettes for the emulsification determinations.
Rosenberg, Peiry, Gibson and Gutnic!: (1979) report that a mixture of*al?;lh_atic and
aromatic hydrocarbons, ¢.g. hexadecane/2-methyl naphthalene (1:1, v/‘v), provides a
more suitable emulsion: substrate for Acinetobacter RAG i than ¢ither strictly aliphatic or
aromatic hydrocarbons. The data in Figur: 2 shows the increased affinity of the
dispersant lgcpal ’LIIO 630 fo;ﬁhcxadccanc!?-mcthylrnaphthalcnc mixture over

kerosene. Therzfore, the mixtu used as the gmulsion substrate. As increasing the

concentration of emulsion substrate, i.e. from 2% - 6% (v/v) H/2mN, did not make any -
significant difference to the O.D. measurements, a volurhie 0.1 mL, i.e. 2%, of emulsion
substra‘e was used in all assays.

A wavelength of 523 nm, used by‘Joncs (1975) for detecting micelles, was
chosen to determine optical density. This wavelength is within the range of a green

filter, which was used by Rosenberg's group for their assay of emulsification (Reisfield

etal. 1972). 7

«

B. Validation of Assay Methods Lt

The spectrophotometric oil emulsion assay method was used to screen cultures for
bioemulsifier production and both A. calcoaceticus ATCC 31012 and A. calcoqgceticus
BD 413, known bioemulsifier producers, demonstrated significant activity (Table 7).
More extensive investigations of the Acinerobac":yer strains indicated that for /& g
calcoaceticus ATCC 31012 (Figure 3), bioemulsifier production essentially parallels

growth with maximum levels being reached at the end of cquncntial growth phase. The

-
Le* LAd
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maximum average bioemulsifier production observed for A. calcoaceticus ATCC 31012

(Figure 3) gave an O.D. reading of 0.07. Strain A. calcemcericus BD 413 followed a

similar growth pattern to A. calcoaceticus ATCC 31012, reaching stationary phase in 48 o
hr and the Ievcl of bloemulsxfier was maximal during the stationary phase of growth s

These results are consistent with those reported for A. calcoaceticus BD 413 (Kaplan &

Rosenberg 1982), for A. calcoaceticus RAG1 (Rosenberg Zuckerberg Rubinovitz & -

Gutnick 1979) and for othcr A. calcoaceticus strains (Reisfield ef al. 1972, Rubinovitz
etal. 1982).

The tensiometric assay measures surfactant activity of compdunds. The
commercial dispersant, Igepal Co 630, reduced the surface and interfacial tension of
double-distilled water from 73 and 44 dynes/cm to 32 and 3 dynes/cm, respectively
(Figure 4). Culture filtrates of B.subtilis ATCC 21332 reduced the surface and
interfacial tension of a minimal medium containing glucose from 73 dynes/cm and 15
dynes/cm to <26 dynes/cm and <1 dyne/cm, respectively (Table 7). These results are

similar to those obtained by Arima et al. (1968), who reported that surfactin, the

biosurfactant produced by B. subtilis reduced the surface tension of water to 27

dynes/cm.

“A simple, direct, rapid screening method for the detection of surface active agent -

production involves mMonitoring growth and hemolysis on blood agar. Two of the
identified organisoé.{lB. subtilis ATCC 21332 and A. cabseaceticus ATCC 31012
(T abw,), demonstrated clcaring. of blood agar plates within 2; hr a; i7°C, whereas the
Corynebacterium species, ATCC 15529 and ATCC 21204, did not. Neither of these
BAP-positive organisms demonstrated protease activity. The data in Table 7 also show
that B. subrtilis produced biosurfactant and that A. calcoac:;icus ATCC 31012
produced a biocmuléﬁicr. These results are consistent with those of Mulligan et al.

(1984), who found that B. subrilis caused clearing of blood agar, while three other

s



biosurfactant producing Cor‘ynebacrerium sp. did not. Mulligan's group proposed @hat
biésurfamant producers that are BAP-negative rgqhirc hydrocarbon substrate for
biosurfactant prodyction. Singer (1985) also showed that on]y biosurfactant producing
cultures cleared blood agar‘. |

The oil plate assay method (Singer er al. 1983b) also allows for rapid presumptive
screening of organisms which disperse or solubilize crude oil. In this study, I;owéver,
all of the identified organisms assayed, i.e. A. calcoaceticus ATCC 31012, A.
calcoaceticus BD413, B. subtilis ATCC 21332 and C. petrophilum ATCC 21204,
showed good growth but no clearing of oil plates. This suggests that amy surface active
agents produced, were unable to solubilize the crude oil (Singer 1985). Only Prudhoe
Bay oil was used as substrate for this plate assay and because of the difficulty in
preparing oil plates this method was not further investigated in this study.

- The test tube emulsification method developed by Gerson and Zajic (1978) for
detecting bioemulsifiers gave very inconsistent results in this study. Using the
emulsifiers: "emulsan”, Igepal Co 630 and A. calco;ceticus BD413 culture filtrates,
emulsion ratios of duplicate and triplicate samples.for each, showed relative standard

deviations of >20%. Because of this, and the long incubation time required before

52

results were obtained this method was considered inappropriate as a screening .

procedure.

2. SCREENING OF "NEW" CULTURES
A. Biosurfactant Production

Isolate PsL1a was the only "new" isolate, of 59 cultures tested, that showed



clearing of blood agar plates at 27°C (Table 8). This isolate, however, did not show any

other evidence, c.g. tensiometric or spectrophotometric, of surface active agent

.

production. This isolate was found to be protease positive and this would account for its

hemolytic behavior. Isolate 1B-2 and Corynebacterium sp. ATCC 15529 did not’

produce clearing of blood agar plates yet demonstrated surfactant production by the

tensiometric procedures. This indicates that they cannot produc:c surface active agents
without the presence of a hydrocarbon substrate (Mulligan er al. 1984). This hypothesis
was verified for isolate 1B-2 when it was grown without a hydrocarbon substrate (see
section on Production of Biosurfactant by Corynebacterium sp. 1B-2). The clearing of
blood agar plates occurred with several isolatcs'following a further incubation of the
plates at 4°C. Although seme of these organisms, e.g. isolates: 1B-2, 20W8°E3-12 and
8BT10~15, were shown to be biosurfactant producers, others, e.g. isolates: B-#3B,
B-#4B and 20W8°E3-3, are non-producers (Tables 7 & 8). Therefore, cold temperature
clearing cannot be correlated with Biosurfactant production.
Four of the 30 cultures tested, 1B-2, 20W8°E3-12, 8BT10-15 and 6BT10-6,
. showed significant tensiometric reduction (Table 8). Surface and interfacial tensions
were reduced to approximately 30 dynes/cm and <1 dyne/cm, respectively, for each of
these isolates. This indicates that these cultures are significant producers of
biosurfactants. All of tl|1csc cultures are Gram-positive organisms from marine
- environments. The magnitude gf surface and interfacial tension reduction observed for
these organisms compares favorably with that achieved by B. subrilis which has been
cited as a producer of the most effective biosurfactant reported in the literature (Zajic &
Steffens 1984). Critical micelle concentrations were dct\cimincd for isolates 1B-2 and
20WS°E3-12 as they showed the greatest tensiometric reduction of all the isolates tested.
Average CMC-! values of 2.5 and 1.7 were calculated for cell-free culture filtrates of

isolate 1B-2 and isolate 20W8°E3-12, respectively. Isolate 1B-2 showed more

53
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consistent production of biosurfactant and was chosen for further characterization.

B. Bioemulsifier Production

o

None of the 84 cultures screened, except for the Acinetobacter species, showed
any significant bioemulsifier production using the spectrophotometric oil emulsion assay
{Table 8). These results contrast sharply with those obtained by Singer er al. (1983b),
where approximately 82% of the 77 bacterial isolates tested for production of surface
active compounds formed stable emulsions with hexadecane. Also, seveéral
Corynebacterium species (Akit et al. 1981, Gerson & Zajic 1978, Panlhal & Zajic
1978, Zajic at al 1977) and scveral Acmerobacrer (Kaplan & Rosenberg 1982,

Roscnberg edlf‘ 198#383: & R §' pecies have shown bioemulsifier
producﬁon @Wgﬂ*@%ﬂt# RAG L ﬁugmdue&%cmulsan

4 \ ' \.“.. ) ‘hA Y A e
/ A X i :
s i ,El
e Y e o

oy

'LATE 1932 mmﬂgﬁ’m'ﬁmommxsmmnrrs

IR+ E
nw "

W s e TN

£ sexturc whgnlgrown on Basal Marine Agar (BMA). The cells were
itive, pléoﬁomhic rods with many showing club- or V-shaped morphologies
‘ distincﬁve chincteristic of a coryneform bacterium. Other general and
)chmctensucs ’of this isolate are listed in Table 9 and £csc support the

‘on of the isolate - as Corynebacrermm species #elonging to the
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urease-positive Group 1. This group includes organisms such as C. fascians (see Table
1), whereas Group I includes animal pathogens such as Corynebacterium diptheriae
»

(Barksdale, 1981).

B. Prqducﬁoﬁ of Biosurfactant by Corynebacterium sp.1B-2
'I‘hzs isolate produces an extracellular biosurfacotant as following the groi\'g! of the
* organism the surface tengion of,the medium was r'cduced from 63.5 to 28.5 dynes/cm
‘and the interfacial tension from 2510 <0.5 'dynqs/cm.‘ A lmo“’m biosurfactant producer,
B. subtilis ATCC 21332 demonstrated XTable 7) a reduction of surface and interfacial
tension from 73 to about 26 dyncslcm and from 15 to about 1 dynes/cm, respectlvcly
Therefore, @orynebacterium sp. 1B-2 is at least as good a biosurfactant producer as By
subtilis ATCC 21332. Similarly, Jenneman, et al., (1983) observed that B.
litheniformis JF-2 reduced the surface ang .interfacial tensions to 27 dynes/cm and <0.5
dync/cm: respectively. Comparison of thésc tensiometric properties wifft'those of the
commercial dispcrsam Igepal Co 630 (Figure 4) establishes the relatively high potency of
the biosurfactant pmducea by @ryne?»acten‘um sp.1B-2 and other bacterial specics.
The data.in Figure 5 dcmonstratcs how the critical micelle conccntratmn was
determined for a culture filtrate of Coryuebactenum sp.1B-2. Different CM(,‘l values
~of25and 3.3 at :12 hr (Figure 6) indicate that the amount of surfactant produced varies
among scpa‘ratc*batch cultures of the isblatc. Since the growth conditions were kept
constant these variations Probably result from the variations in the inocula used. Each
innoculum consisted of 10 mL taken directly from the enrichment cultures of
Cérynebacterium sp. 1B-2 at 72-96 hr of growth. The results of this experiment (Figure
6) show :.ha?0 maximum biosurfactant production occurs aﬁcr approximately 72 hr of |

growth, which is during statiohary phase. Therefore, 72 hr was selected as the time for
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harvesting cultures of Corynebacterium sp. 1B-2, to recover biosufactant for further -

. characterization. Blosurfactant production by the isolate H-13A, tentatively identified as

Corynebacreriuni (Finnerty & Singer 1984), occurs during stationary phase. C.
lipolytica strains (Illarionova et al. 1984) also have their maximum bioemulsifier
production in the period following éxponcntial growth. In contrast, B. licheniformis
JF-2 (Javaheri ;:t al. 1985) apparently prodyces its surface active agent during
cxéoncn;ial growth.

Growth of Corynebacterium sp.1B-2 without hydrocarbon #8bstrate did not
adversely affect the growth of the organisms, however, no biosurfactant was produced
under these conditions. These results suggest that production of the biosurfﬁctant is

induccd}by hydrocarbon. This behavior is similar to that found for R. erythropolis

(Rapp er al. 1979) where biosutfactant production also was found to be hydrocarbon v

inducible by n-alkanes and @ may be the case with P. aeruginosa where the greatest
biosurfactant production ig achieved using hydrocarbon substrate (Guerra-Santos et al.

1984). Biosurfactant production by B. subtilgg ATCC 21332 (Table 2) and B.

licheniformis JF-2 (Jenneman er al.,1983) does not require hydrocarbon for induction as

production occurs without hydrocarbon in the medium. Similarly, bioemulsifier.
prodv:nction by Acinetobacter species does not appear to be hydrocarbon jnduciblc as
neither A. calcoaceticus BD 413 (Table 2) nor A. calcoaceticus 2CA2 (Neufeld et a!.

1983) require hydrocarbons to produce bioemulsifier. A. calcoaceticus ATCC 31012,
showed the best bioemulsifier p;c;duction when grown on cthandl rather than
hydrocarbons (Rosenberg, Zuckerberg, Rubinovitz and Gutnick 1979). The production
of a biosurfactant by A. calcoaceticus 2CA2 (Neufeld er al. 1983) does appear to be
tydrocarbon inducible as only cultures grown with hydrocarbon substrate demonstrate
tensiometric reductions. Reccndy, Duvnjak and Kosaric (1985) found th;t C. lepus

produces a considerable amd¥nt of biosurfactant when grown on either hexadecane or

s
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glucose as sole carbon souncc However, the blosurfactant ;s ce.ll bmmd Wi glucosc ay”
substrate but extraccllular with hcxadecanc as substratc ;ddmon of hexadccanc or
tctrad;canc to glucose grown cells leads to the release of the biosurfactant into the
medium within 2-4V hr. Similar observations were made with A. paraffineus, and the
amount of biosurfactant produced per biomass is approximately two fold higher with a
hydrocarbon as growth substrate (Duvnjak & Kosaric 1985). These results suggest that
or certain bacteria hydrocarbon may induce thc release rather t};an ind}ncing production of

- extracellular biosurfactant. This hypothesis was not tested with Corynebacrerium
sp.1B-2.

Corynebacterium sp.1B-2 was grown under low oxygen coﬁditions, i.e. 300 mL
of medium in 500 mL flasks without agitation, but no biosurfactant was produced.
Although growth was not monitored, visual examination of culture turbidity suggested
that sufficient growth occurred, so that Biosurfactant production requires more acration
than was obtained under these conditions. Accordin; to Barksdale (1981), Group II
Corynebacterium exhibit a predominantly oxidative metabolism, z;nd these results

suggest that biosurfactant production also requires oxygen.
C. Recovery of Biosurfactant from Corynebacterium sp.1B-2 -
Acidification of the ﬂl:urc filtrates to pH 2, 2 method used for recovery of

biosurfactant from B. subtilis (Cooper et al. 1981) and B. licheniformis JF-2 (Pfiffner

et al. 1985), did. not result in the precipitation of the Corynebacterium sp. 1B-2

bigguefa tant. Ammomum sulphatc precipitation, as used to recover emulsan from A.
. RAG 1 (Zuckerberg et al. 1979), also was ineffective in rccovcnng &
o ,,actam"from Corynebaaenum sp 1B-2 ﬁltmtcs

" The use of ethy!: acctatc to ;xtract biosurfactant from culture ﬁltmtcs atpH 6.4 was

3
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CMC™ was three-fold A
L ;ﬁmm at,pH 2 haqge ..

/

unsuccessful since difficulties were cncountcrcd in separating the ethyl acetate phasc;

" from the aqueous solution even aftcr allowing several days for separation to occur. Both: .

methylene chloride and pentane effectively exu'actedpiosurfactant from the filtrates at pH
6.4 but phase separation occurred faster with pentane. P;mtane was used to extract
Corynebacterium sp.1B-2 filtrate at i)H 6.4. The tensiometric measurements of a
medium control, the original culture filtrate, the resuspended extract and the extracted
culture filtrate are shown in Figure 7. The reduced surface and interfacial tensions of the
resuspended extract and the loss of activity in the extracted filtrate sugg?stcd good
recovery of biosurfactant using this .method. However, a comparison (Figuréi8) of
critical micelle concentrations of a culture filtrate and its resuspended pentane extract, 1 e
2.2% and 40% respectively, showed that thp relative amount of biosurfactant recovered,
based on tensiometric activity, \}"as ;rcry small: Taking into accéount that the pentane
extract wass 7.1 times as eoncenﬂtratcd as the original filtrate, the actual recovery of
activity in the extract was 0.8%. - This-suggests that there may be some form of
ninhi‘biu'on or loss of biosurfactant activity through the pentane quaction recoveryo
process at pH 6.4.

In an attempt to improve biosurfactant recovery, aliquots of a Corynebacterium
sp.1B-2 culture filtrate were adjusted from their normal pHﬂ6.4 prior to extraction.
Adjustment to pH 10 resulted in the formation of copious ;recipitatc in the filtrate

which intcrfcred with both, tensiometric measurements and extraction procedures

However, cxtractnons at pH valucs of less than 6.4 led to increasingly better recovery of

biosurfactant. For exsa a3 % " =‘<} amonnt of blosurfactant activity cxpressed as

jar at bH 4. Subscqucnt extractions of culture
doai ge. greater than 100% recovery of biosurfactant
Wlty (Table 10) Thc cxtracted ﬁltatc listed 1 m Tablc 10 which yielded only 71%

recovery was the mult of thc mcompletc cxtract:oﬁ of the surfactant from the culture

.64
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filtrate. All of the other Corynebacterium sp.1B-2 extractions reported in Table 10
showed no residual biosurfactant activity in their extracted filtrates. Recoveries of
>100% could be a result of the loss of inhibitors or activation of the biosurfactant due to
thé pentane extractio\1 at pH 2.0. Tensiometric assays were not performed on adjusted
culture filtrates to determine as to whether activation was due to low pH.

]

D. Characterization of the Biosurfactant

The lyophilization of the pentane extract yielded a semi-solid yellowish mixture
which was designated as the crude biosutfactant. When left for several days at room
temperature, this mixtuse separated into a viscous golden-colored oil and a whitish
particulate material. The visual appearance of the pentane extract was the same,
regardless of the pH of the filtrate at which the extraction was car;icd out. Acetone
extraction (Codpcr Zajic & Gracey 1979) of the crude biosurfactant resulted in

solubilization of the oil which and it left an acetone-insoluble white particulate residue.

The particulate portion was only slightly soluble in water and tensiometric measurement

showed no significant surfactant activity. The oil was recovered by evaporation of the
acetone and showed substantial tensiometric reduction activity. The oil, then, was

considered te be the concentrated biosurfactant. The critical micelle concentration was

achieved with 40 ug/mL of the acetone-soluble biosurfactant (Figure 9).

Chemical characterization of the biosurfactant, as previously described, revealed it
as being primarily lipid. The results in Table 11 show that the biosurfactant was made
up of over 75% lipid, about 6% carbohydrate and less than 3% protein. It is probable
that the protein content, because of its low value, represents cdmaminating protein rather
than an actual protein component of the biosurfactant. The biosurfactant is considered to

be a glycolipid.
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‘ Thin layer éWtograbhy of this glycolip/id present in both the crude and
concénmwd biosurfac:aht showed two distinct lipid spots having Rf values of 0.35 and
0.66. Itis not W,“ which lipids have biosurfactant activity. The lack of two distinct
CMC values in the temiomctric'asnys‘ (Figures 5 & 9) supports the hypothesis of their
being only one biosurfactant. The lipid compounds must be scparated and assayed to
clarify this situation. No lipid was detectable. in the acetone-insoluble portion of the

crude biosurfactant. Data in Table 12 shows the Rf values obtained for the biosurfactant
and each of the known compounds tested as well as the Rf values reported for neutral

71

lipids isolated from C. lepus by Cooper er al. (1979b). This group also used silica gel

plates and the same solvent system so these data can be used for a general comparison.
Based on this comparison, the types of lipid in Corynebacterium sp.1B-2 biosurfactant

may be corynomycolic acid and fatty acid of triglyceride. Corynomycolic acid is more
4

likely as it is a relatively common constituent of Corynebacterium biosurfactants (Table

.

|

4. BIOSURFACTANT APPLICATION - BITUMEN RECOVERY FROM OIL SAND
The data in léiguré 10 shows the rclativc.\ounts of bitumen c;tncted into the
aqueous phase by the reference commercial ¢iqu:sant (fgcpal Co 630) and the
concentrated biosurfactant as compared with dﬂob!ained with a double-distilled water
control. This represents the amount of both surface and emulsified bjft_umcn scparau:d
from sand and clay, although the emulsified bitumen probably ts4n insignificant
_portion of that total. The biosurfactant from Corynebacterium iﬁ'ﬁB-Z was 2x as
cffective as double-distilled water but was less effective than the commm:ul (dnsperum.
The spectrophotometric value for extracted bitumen by the Igepal Co §30 dispersant
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represents approximately 1% of the total bitumen in the ‘oil sand sample as dctcrrﬁncd by
total -bitumen extraction using toluene. Zajic and Gcrson (1978) reported that 'thcir
isolates ranged in cffcctivcnéss at separating bitumen from oil sand as from 1-10% of the
total bitumen was extracted to the surface of the aqucous phase. For example, using
whole culture bxvoths, one Coryncbactenum‘sp cffccuvcly separated 6% whxlc anothcr
Corynebacterium OSGB]1, released 10.1% of the total bitumen to the aqucous surfacc
Usmg gravimetric valu&s calculated from spectrophotometric data, Zajic and Akxt (1983)
report an improvement factor over the control of 17.4 for C. fascians and 14.5 for the
commcrcial dispersant 7710 (Nalco Chem..Co.). The dispersaht was more effective
‘than C. fascians broths at removipg sand and clay particles and thus incmasinﬁt/m:\f
bﬂhmcn concentra¥fon in this fraction. A
Zajxc and Akit ( 1983) stated that the abxhty of surfactants to extract bitumen from q 'v~
oil sand was neither a reflection of their ability tolower surface and interfacial tedsion,
nor a function of concentration c:f surgactant. This hypothesis they based on their results
which showed that dispersant 7719 (Nalco Chem. Co.) has more cffeqtive tcnsi%ctric
properties, i.c. greater reduction of surfaceand interfacial tension, than dispersant 7710
but it is less effective at extracting bitumen fromyoil sands. A s;nﬁlar phenomenon as
observed in this study. Coryrllebacterium sﬁ 1B-2 biosurfactant -was more cffcctiﬁt
reducing surface and interfacial tcn\sion, i.c. to 28.5 dynes/cm and <0.1 dyne/cm,
mspccnvély, than Igcpal Co 630 ie. t032 dyncs/cm and,2.5 dyncs/cm respectively yet
the dispersant cxtracted morc bltumcn In all cascs‘/that Zajlc & AKkit (1983) tested the ﬂ!

amounté”of surfactant or bxosurfactant uscd wcr«; grcatcr than their critical mxccuc L

)
concmu'amns as CMCl values rai?ged from ll to >1000 The concentration of 2%
7

(viv) Igepal Co 630 used in this study rcprcscntcd a CMC! of 33, whereas the

Vg ' :
concentrations of Corgrﬁzcteriwn sp.1B-2 biosurfactant represented CMC! of 25 &

75, respectively. nghcf é&_pccntrations of biosurfactant did not increase its bitumen

% ) :
t ¢ ‘ . ;‘
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separation capability (data not showﬁif éonccnﬂtions of surfactant or biosurfactant at
or below the critical micelle concentrations were not tested to determine whether critical
micelle concentration is related to bitumen extraction capability as it is to tensiometric
reduction. The same response of different conccntrat:ons of >CMC of Corynebacrenum
sp. 1B-2 biosurfactant indicate that thls relauonshl: may exist. If so, then the statement '
about concm of surfactant not reflecting Bltumcn extraction ability may not bg :
~ relevant, as this was based ga data using concentrations greater than critical micé
concentrations, In any Cas‘Q sucz':cssful biosurfactant, the minimum concentration
required to effect bitumen separation should be established. .

The surface active°properties of a biosurfactant can function to wet the interface
between the bitumen and the sand and clay particles, as well as solubilize the bitumen,
and thereby scparatcvlii‘tumcn from oi sand. The initial measurement of bitumen released
b, the, aqueous phase giscs an indication of an ability to faciﬁtatc bitumen scparafion from
oil sand. Because the extraction of bitumen from oil sands also involves the cbmponcn» }
of removing :l:c sand and cl3y particles from the oil sand, ”wiLh the consequent incrediie

/

" in bitumen concentration of this fraction, th:s asscssmcht should be mcludcd inthe &

evaluation cj:f the cffccdvcncss of a bxosurfactant in SCparanng blturncn fnzn? oil sand. -

) . ‘ | .
E ) K
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V. SUMMARY AND CONCLUSIONS

The recommended approach of research andevelopment of industrial surfactants
- is directed at the process, not the surractant, such that a surfactant is designed or chosen
to ﬁ.t into a ptocess (Laym.an 1985).pA. similar sort of approach has been n;cc‘if‘m tllis
study. Physical properties such as reduction of surface and interfacial tenslens and
enulsificion are lgolved.in the release of bitu:nen from oil sands-and in the
mobilization of oil for enhanced petroleum recovery. Several microbial biosurfactants

:md biocmulsillers have demonetrated such th:sical p'roperties; thereby indjgasime their .
_ possiblegalue in such ref:OVcry applications..F'o; this S’tudy, se¥eral Madi.ng
cultures were availabM that visiay demgnstraﬁ c!ﬂ'djsgemion activity and these, as well
as cultures from freshwater, marine, soil,' Avsewag’o;. "oil-contaminated” and
bitumen-associated emiro:fx”lhe"nfs ‘u'/er? 'scrcehed for tlle production of extracellular
surface active metabolites. It was propc;s t microbially pr;;iuced bicemulsifiers and

biosurfactants might be found that would be effective for the separation of bitumen from
. 2

oil sands. . o ' ‘ S L e
For these mvesugatxons a spectrophotometnc as,say was developed fo. detect the

presence of extracellular bioemulsifiers. Thc validity of this method wz}iestabhshed

using commercial dispersants, Igepal Co 630 and Drew Lt ann’?:/o\lgnii with ,

Woemylsifier producing A. calcoacetkus etrai\ns. 'For detecting the pr uction of

extracellular bxosurfactants by m:crobnal cultures a Jnsxomemc assay has Qg;ven $o be

the most reliable methrod. Thc nelatwe conoentrauon of a bidsurfactant producéd can also

\

be determined using_this method ‘and the value$ of surface and interfacial tens:on

mdncate the potency of the bxosurfactant The reglprocal of CMC values, i.e. CMC 1

pmvndc a basis for comparison of dxffatent batchcs of a culture but not for different
[ 4
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culturc;.{yfortunatcly, the tensiometric® assay is neithgr rapid nor convenient for

screenipg Targe numbers odeampl’cs. A blood agar plate assay methdd is limited tq the

detection of organisms which can produce surface active agents without hydroéarson '

d, therefore, is restricted in its sefulness for this type of survey. It

vestigate the possibility of incorpmg a hy'drocarbon, c.g.

“nducible biosurfactant producers. False positives due to lysis of blood b
; - . a - on
| protease require an additional test for the presence of proteolytic enzyme. ft‘appcars
‘ from this study that the spectrophqtomemc onl emulsion assay and the Rnsiometric assay

are currently the ‘most useful methods for the detectxoq, of bioemulsifiers and
biosurfactants, respectively. The lack of a rapid, general procedure fgr detecting surface
active agents still re.mams a serious problem.

. culturcs 'failcd to detect any producerrs of eiiirac’éllular blo;mhlsiﬁér No prdviskion was

madc in this stully ‘ect any cell-bound bioemulsifier. Of the four biosirfactant *

' [}
’- The use of the spcctroph tometric oil cmulsiqbassay to s¢reen a number of

77

 aromatic hydrocarbon, into the blood agar medium, to detect

q, produtmg marine 1solates found, isolate 1B- 2 ,was sélectad for further investigation.

Based on the taxonomic tests performed, isolate 1B-2 has beeh.jdentified as a group II
Corynebacterium b)ut identific‘a'tion‘ of t?\c isolate was not dcfinitivéisincc the

) charact'en'zation of cell wall lipids \fvas not dorre. Th‘is isolate produced a bios‘urfag:tan;
which was capable of ]owering the surface and iﬂ‘tcrfacial tension of water to 28 and
<0.5 dynes/cm, rcspecnvcly, with 0.004% biosurfactant, which is comparablc to. the

. .\blosurfactam s,urfactm produced by B. subtilis. The produéﬁ“o@bnoswfactamby
the isolate appeared to' be; inducible by hydrocarbon as extracellular blosurfactant was not

produced in the aBscncc of hydrocarbqn substrate. Recovery of biosurfactant was

accomphshcd by pentane extraénon of culture filtrates followed by acetone extraction of

the pentanp &tract Thc recovery of tcr&iomemc activity of the biosurfactant was,

-
e » <
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ot [ R : ‘ ' . .
enhanced by pentane ex’u‘tion at pH 2. Preliminary characterization of the biosurfactant

indicated that itis a glyeohpid and th*nyer chromaf&gra.m;y results suggest that the o
lipid composmon may mclude Mnomycol‘?’wdﬂ which n comn‘to

Corynebacterium species’ biosurfacmms - ;;_"’

v T SR R ;r'?
'lr* 4y “&f ;‘@
’l‘ bupsurfactant produced by Corynebacwnum W&z did not &tnemtraie ‘”‘ ta

. significant ability to release bitumen mto the aquéous phase. Its ablhty to remove sand
and clay go yield fractions of high bitumen concentration, i.e. tar balls, was not asséssed.
[

¢ This bitumen conceptrating phenomenon should be included as 'part of an assessment of

bitumen separation capability of biosurfactants. The effectiveness of the biosurfadtants
. 2

4

from the bther marine isolates, i.¢. isolates 20W8°E3-12, 8BT LO‘-IS and 6BT10-6, for e
bi&xmcn' ation was not investigated. Samples from oil_-c'omaminated mdarine ‘
environments also may provide a source of biosurfadtant roducers which could be*

€xamined for bitumen separation capabilities. | .

The imgnance of finding a bitumewv

requirements and less negauve environmental impact than the conventional hot wter and

1

with lower energy

P ]

“high pH process, indicates_that investigation should conmye into the application of

biosurfactants for this purpose. Biosurfactants haira”pcrdes whnch are potentially
“ > .

desirable for a bitumen recovery process. AThey a{e‘*o lower surface and mteﬁacxal

tension whicgshould promote separation of bitumen from the oil sand, and they do not

' form stable emulsions which ﬂould simplify the recovery of the bxtumen from the
aqueous phase “The development of more rap\d screening methods to detect .

bxosqgactant producers also would aid these investigations. . 1
e, . o . | '
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‘VIII APPENDIX - MEDIA COMPOSITION

-1

A. LIQUID MEDIA

1. Acinctobacter medium (Rosenberg, er al, 1979b)
125 g/L urea '
125 L MgSO,TH,0
002 gL FeSO,7TH,0

s St o '
-
\

001 g/L _CaCl,
0.25'¢gL K,HPO,
24.2 g/L Tns(hydroxymcthyl)anunomcthanc (Sigma)
pH 7.4
. 2. ASW : =
234 g/L NaCl
0.75 g/L KCl \ .
pH 73 ' '

a) - supplemented with N,P solution (042 g/L. K2HP04, 0.18 g/L KH,PO,; 0 60
g/L NH,NO,; final concentration) -- ASW+N.P
b) - supplemented with N,P solution and 0.5 g/L Nutrient Broth (N uBr) (Difco) --

ASW+N.P+NuBt
c) - supplemented with 8.0 g/L. NuBr (Difco) -- ASW-NuBr

3. B+N
05 gL~ K,HPO,
10 gL - NHCI .
20 gL Na,SO,
0.2 gL MgSQy7H,0
20 gL ' KNO,

trace Fe SO, 7TH,0

a) - supplemented with 1.0 g/L NuBr -- B+N+NuBr
b) - supplemented with 1.0 g/L. Yeast Extract (leco) -- B+N+YE

4. 4% Glucose + Minimal Medium (Cooper, et al, 1981) .

40 gL NH,NO, -
4.0 gL KH,PO,
5.7 gL Na,HPO,

89



tace  Na,EDTA - '
40 g/L Glucose :

5. HPMS (Kaplan & Rosenberg, 1982)
222 gL K,HPO,-3H,0

726 g . KHPO,
4.0 g/L . (NHJ:‘)‘ . ~ S—
02 g/L MgSO,-7H,0 ) i
0.1 g, L-:Tryptophan
50 gL Glucose
pH 7.0

B. SOLID MEDIA

1. BASAL MARINE AGAR r
234 g/L NaCl
0.75 g/L KCl
70 g/L MgSO,:TH,0
1.0 gL Proteose Peptone #3 (Difco)
1.0 gL Yeast Extract _ -
pH7S ‘ ‘
20 gL Agar (Difcé))

2. BLOOD AGAR PLATE

33 gL Tryptose Blood Agar Base (leco)
50 miL Defibrinated Sheep.s Blood (Vista Labs, Edmonton)

3. GELATIN TUBES

80 gL Nutrient Broth (Difco) -—
50 gL gelatin (Difco)

4. PC+K9A40
50 gL Tryptone (Difco)
25 gL Yeast Extract (Difco)
1.0 gL Dextrose _
09 gL MgCl-:6H,0 ‘
80 gL K9A40 Gellan Gum (Kelco)



. B+N medium - . o
05 gL Yeast Extract )
09 gL = MgClI6H,0 - -
80 gL K9A40 Gellgn Gum

- add 1 drop from a ImL pipette of Prudhoe Bay oil to the surface of molten media -

' in each plate :

a—



