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Abstract

Biodegradability of drilling fluid waste is essential in the development of environmentally compatible oil and
gas drilling. Biodegradation is determined not only by the enzymatic potential, but also microbial tolerance to
hydrocarbons. The present study investigated the hydrocarbon degradation and tolerance of Ralstonia pickettii
BP20 and Alcaligenes piechandii KN1 to drilling fluids with diesel and low-aromatic continuous phases in respect to
their state: non-emulsified oil, direct (O/W) and invert (W/O) emulsions; and the concentrations affecting microbial
activity and viability. In general, A. piechaudii KN1demonstrated higher tolerance than R. picketti BP20 did; but, the
impacts of different drilling fluids on viability and activity of both microbial strains had similar trends. Microbial growth
and hydrocarbons degradation rates increased when diesel was replaced with low aromatic oil, and emulsified.
The higher productivity was observed in direct (O/W) emulsions than in invert (W/O) emulsions. Similarly, viability
of microorganisms in low aromatic fluids and emulsions was higher than in corresponding diesel drilling fluids.
Tolerance to low aromatic fluids increased in the order: non-emulsifier oil < invert emulsion < direct emulsion. In
contrast, for diesel based drilling fluids, direct emulsion enhanced, but invert emulsion reduced microbial viability

compared to non-emulsified oil.

Keywords: Hydrocarbon-degrading Microorganisms; Tolerance;
Drilling fluid; Low-aromatic; Hydrocarbons; Emulsion

Abbreviations: DF - Diesel-based Fluid; DIE - Diesel-Based Invert
Emulsion; DDE - Diesel-Based Direct Emulsion; LAF - Low Aromatic
Drilling Fluid; LAIE - Low Aromatic Invert Emulsion; LADE - Low
Aromatic Direct Emulsion; O/W - oil in water emulsions; W/O —water
in oil emulsions; WBF- Water-based Drilling Fluid; NADF - Non-
Aqueous Drilling Fluid; IEDF - Invert Emulsion Drilling Fluid; PAH
- Polyaromatic Hydrocarbons; TPH - Total Petroleum Hydrocarbons;
HLB - Hydrophilic-Lipophilic Balance; MBC - Minimum Bactericidal
Concentration; MIC - Minimum Inhibitory Concentration; MSC -
Minimum Suppressive Concentration; Cp - Peak Concentration; CFU
- Colony Forming Units

Introduction

Drilling fluids are essential for the drilling process in the oil and
gas industry. Drilling fluids are used to control formation pressure,
lubricate and cool the drilling bit, remove cuttings from the drilling well,
and form a consolidated filter cake on the sides of the hole to prevent
loss circulation. There are three major types of drilling fluids: Water-
Based Fluids (WBF), non-aqueous drilling fluids (NADF with diesel,
mineral or synthetic oil) and Invert Emulsion Drilling Fluids (IEDF).
Drilling operated with WBF suffer some operating limitations. In many
cases, NADF and IEDF replace WBF to improve drilling performance
with respect to higher rate of penetration, more lubrication of the drill
string, stability of the sensitive and highly reactive formation, and
rheological stability of the drilling fluid under high pressure and high
temperature drilling conditions.

While improving the performance characteristics is a ubiquitous
priority in drilling operation development, the environmental
acceptability of drilling fluids and associated waste is a more recent
but rapidly growing concern. The negative effect of drilling fluids
and waste on human and environmental health is attributed to their

toxicity and poor biodegradability. Reduced toxicity and enhanced
biodegradability of drilling fluids have been reported when diesel
was replaced with mineral and synthetic oils [1,2]. Diesel contains
high concentrations of Polyaromatic Hydrocarbons (PAHs) and their
derivatives; while mineral and synthetic oils are low- or non-aromatic
compounds. Microorganisms have the capacity to degrade the majority
of natural hydrocarbons including alkanes, monoaromatic and low-
molecular-weight PAHs. The higher-molecular-weight PAHs are more
toxic and recalcitrant to biodegradation [3]. Microbial degradation
of recalcitrant compounds may be improved via emulsification and
solubilization in the aqueous phase, which may be achieved through the
action of surfactants [4-6]. Since hydrocarbon oxidation is performed
by intracellular enzymes, the solubilization of hydrocarbons enhances
the mass transfer rate of hydrocarbons to water phase and into
microbial cells, and hence, increases the degradation rate. Additionally,
emulsification increases bioavailability of hydrocarbons, and hence
biodegradation rate, due to increased oil-water interface available for
microbial growth [7]. Thus, surfactant addition and emulsification
of oil have a marked impact on hydrocarbon degradation. However,
studies on the bioremediation of hydrocarbons by microorganisms
observed that these compounds impaired the microbial growth and
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hydrocarbon degradation at relative low hydrocarbon concentrations,
and hydrocarbon solubilization further enhanced the antimicrobial
action of petroleum compounds [8-11].

The effect of the hydrocarbon concentration on biodegradation
efficiency has been recently considered. The diesel assimilation by
microorganisms decreased as diesel concentration increased from 0.2%
to 1%, and completely stopped above this level [12]. The solubilization
of diesel PAHs via derivatization (phenolic or quinonic) or co-
solvent addition further reduced acceptable (non-toxic) hydrocarbon
concentrations [8,13]. The mechanisms of hydrocarbon toxicity
against microorganisms involves partitioning of the hydrocarbons into
the cytoplasmic membrane, which alters: energy transduction; nutrient
and enzyme transfer across the biological membranes; and damages
the cytoplasmic membrane which leads to leakage of macromolecules
(RNA, proteins, etc), and hence cell death [8,14]. The partitioning
of the hydrocarbons into the cytoplasmic membrane, similar to the
hydrocarbon transport into the cells required for degradation reactions,
is a function of hydrocarbon concentration and solubilization. Thus,
the concentrations of hydrocarbons, both actual and solubilized in
aqueous phase, determine the response of the microorganisms to the
hydrocarbon substrate: the hydrocarbons can serve as nutrients at
relatively low concentrations, but inhibit or even kill the degrading
microorganism at higher concentrations. This critical hydrocarbon
level affecting microbial activity and viability is determined by both
the hydrocarbon properties (chemistry and bioavailability) and
microbial properties such as biodegrading capacity and tolerance, i.e.
a microorganism’s ability to grow and degrade in the presence of toxic
materials. While biochemical potential and tolerance against certain
types of substrate are inherent properties of the microorganism and
cannot be changed for a particular strain without genetic manipulation;
chemistry and state of substrate can be altered to provide microbial
response at a desired level. As mentioned above, toxic effects of the
drilling fluid chemistry may be eliminated by replacing the PAH
compounds with low aromatic compounds; while the bioavailability
may be corrected by oil emulsification resulting in enhanced
solubility of hydrocarbons and increased interface area for microbial
attachment. The oil-in-water (direct) emulsions are known to improve
biodegradation of different types of petroleum hydrocarbons [15]. In
contrast, the impact of invert (W/O) emulsions, traditionally used in
gas and oil drilling, on biodegradation is poorly investigated. However,
it has been observed that microbial cells preferentially grow in the
water phase (which is limited by small droplets in invert emulsions)
and on the oil-water interface. Moreover, continuous oil phase or
undispersed oil cause nutrients and oxygen limitation, and hence
can reduce hydrocarbon degradation due to substrate limitation [16].
Another issue is the concentration of oil in emulsions allowing effective
hydrocarbon degradation without impairing microbial growth since
both direct and invert emulsions can increase toxicity of hydrocarbons
through solubilization, and hence reduce tolerance of microbial cells
to this substrate. Conversely, high microbial tolerance to drilling
fluids allows better waste treatment by reducing the extensive waste
dilution required to avoid toxic level of hydrocarbons. Thus, along
with the isolation of the hydrocarbon-degrading microorganisms,
the biodegradation design should be geared to the isolation of the
strains with high inherent tolerance to hydrocarbons and/or setting up
incubation conditions (e.g., emulsification of hydrocarbon) facilitating
microbial tolerance to high hydrocarbon concentrations.

The present study investigates the tolerance of two hydrocarbon-
degrading microorganisms Ralstonia pickettii BP20 and Alcaligenes
piechandii KN1 to drilling fluids with diesel and low-aromatic

continuous phases in respect to (i) their state: non-emulsified oil, direct
and invert emulsions; and (ii) the concentrations affecting productivity
and viability of microorganisms. The assessment of the productivity
is based on two criteria: maximum microbial growth / hydrocarbon
assimilation; and the concentrations of drilling fluids providing the
maximum microbialactivity. While the first parameteraimsatincreasing
degradation rates; the second provides insights about the substrate
concentration maintaining the effective biodegradation process. The
viability of microorganisms in response to drilling fluid is assessed
by determining the minimum oil concentrations causing microbial
growth suppression, complete inhibition and microbial population
killing. These parameters are necessary to determine the minimum
acceptable (non-toxic) hydrocarbon load for bioremediation purpose.
The scope of the investigation is: (i) to identify the microbe-drilling fluid
interaction patterns with respect to the concentration of the number of
aromatic components and emulsification (direct or invert); (ii) set up
diagnostic criteria for assessing microbial tolerance to drilling fluids;
and (iii) determine the optimum combination of microorganisms and
drilling fluid type to provide better biodegradability of drilling waste.

Materials and Methods

Microorganisms and incubation media

Ralstonia pickettii BP20 and Alcaligenes piechandii KN1 enriched
from hydrocarbon-contaminated Czechowice-Dziedzice Oil Refinery
Waste Lagoon were kindly provided by Savannah River National
Laboratory (USA). Microorganisms were incubated in the basic
mineral medium containing casein hydrolysate (0.5 g/1), peptone (0.5
g/l), yeast extract (0.5 g/), K,HPO, (0.3 g/1), MgSO, (0.05 g/1), NH,Cl
(0.1 g/1), CaCl, (0.05 g/1). The basic medium was supplemented with
either glucose (0.5 g/1) or sodium pyruvate (0.3 g/1) and used to prepare
challenge media loaded with drilling fluids.

Drilling fluid samples

Diesel Based Fluid (DF) and corresponding Invert Emulsion (DIE)
and Direct Emulsion (DDE); and Neodrill Low Aromatic Based Fluid
(LAF) and corresponding Invert Emulsion (LAIE) and Direct Emulsion
(LADE) were used in these experiments. Emulsions with oil-to-water
ratio of 50:50 were stabilized with 5% of Span 80 (HLB, 4.3) - Tween
80 (HLB, 15.0) mixture as follows. The surfactant mixture of HLB 6.4
(Span 80-to-Tween 80 ratio of 80:20) was stirred with either diesel or
Neodill for 5 min. Then water was added dropwise to oil-surfactant
mixture while mixing at 10,000 rpm. The surfactant mixture of HLB
12.8 (Span 80-to-Tween 80 ratio of 20:80) was dissolved in water. Then
either diesel or Neodill was added dropwise to the water-surfactant
solution while mixing at 10,000 rpm. The drilling fluid samples were
diluted in incubation media to final concentrations of oil ranging
from 0.1 to 10% (v/v) with two-fold increments. Drilling fluid-free
incubation medium was used as control. Challenge and control media
contained either glucose or pyruvate as additional carbon sources.

Tolerance of microorganisms to drilling fluids

Challenge and control media were seeded with microorganism
at concentration of 107 cell/ml and incubated at 25°C with agitation
at 100 rpm for 24 hours. Microbial suspensions were then serially
diluted in phosphate buffer saline and plated on agar basic media with
glucose to determine the number of viable cells after treatment. The cell
number was represented as log CFU/ml (CFU - colony forming units).
Changes in viable cell numbers (Alog CFU/ml) after 24 hour exposure
to challenge and control media were used to determine growth rates
(positive Alog CFU/ml) and killing rates (negative Alog CFU/ml). To
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characterize tolerance, three effective concentrations for the microbial
response to drilling fluid load were assessed: (i) the minimum
suppressive concentration (MSC) of drilling fluid, which reduces
microbial growth rate compared to control drilling fluid-free media;
(ii) the Minimum Inhibitory Concentration (MIC) corresponding to
the minimum drilling fluid concentration needed to stop microbial
growth; and (iii) the Minimum Bactericidal Concentration (MBC) as a
minimum concentration of drilling fluid resulting in 99.9% microbial
population kill. Figure 1 represents the plot of microbial growth
dynamics as a function of drilling fluid load with points used for
calculation of effective concentrations of drilling fluids.

Microbial growth capacity and viability in drilling fluids

The mineral media supplemented with drilling fluids at
concentrations ranging from 0.1 to 10% of oil with two-fold increment
were seeded with a microorganism at concentration of 10° cell/ml
and incubated at 25°C with agitation at 100 rpm for 7 days. Microbial
suspensions were then serially diluted in phosphate buffer saline and
plated on agar basic media with glucose to determine the number of
viable cells after treatment. The cell number was represented as log
CFU/ml. The growth capacity was characterized by the increase in cell
number as a function of oil concentration in the media. Two parameters
characterized the growth capacity: (i) the peak concentration (Cp)
as the concentration of drilling fluid, which provides maximum
growth rate, and (ii) the minimum inhibitory concentration (MIC)
corresponding to the minimum drilling fluid concentration needed to
stop microbial growth. To avoid confusion, the minimum inhibitory
concentration in this assay was labeled as MIC-2. Viability of microbial
cells in response to a drilling fluid was characterized by the minimum
bactericidal concentration (MBC) as a minimum concentration of
drilling fluid resulting in 99.9% microbial population kill. In this assay,
the minimum bactericidal concentration was labeled as MBC-2.

Hydrocarbon degradation in drilling fluids

Microbial cultures of 10° CFU/ml were added to 250 ml Erlenmeyer
flasks containing 50 ml of mineral media and one of the drilling fluids
at peak concentration. The cultures were incubated at 25°C with
agitation at 100 rpm for 7 days. The uninoculated media with drilling
fluids served as controls. After 7 days, samples were aseptically taken
for viable cell number and total petroleum hydrocarbons (TPH). The
viable cell number was determined after growth of serially diluted
samples on agar basic media with glucose. Growth rate was determined
as the difference between the initial cell number in the population and
the cell number after exposure to the drilling fluid (Alog CFU/ml).

The initial and residual TPH were extracted with CCl, from the
liquid cultures and analyzed by FT-IR after passing the extract through
a Florisil column. The extract was quantitatively measured after
calibration with a standard mixture (v/v) of n-hexadecane (37.5%),
isooctane (37.5%), and benzene (25%). The spectrum was recorded
between the 3,100 - 2,800 cm™ range. The absorbance values were
measured at 2,926 cm® with an IR spectrophotometer (UNICAM
SP1000, UK). The TPH content was related to the CH, group number
[17].

Results

Microbial tolerance to drilling fluids

The microbial tolerance is the ability of microorganisms to survive
and remain active when exposed to a toxic substrate. High tolerance is
beneficial for microbial degradation of drilling fluid waste at relatively
high hydrocarbon concentrations, thereby reducing the need for

extensive waste dilution prior to bioremediation. Two microorganisms
with proved hydrocarbon-degrading potential, R. picketti BP20 and A.
piechaudii KN1were used in the present study. Plaza and coauthors
reported that co-culture of these strains removed 91% of TPH in oil-
contaminated waste after 30 days incubation [17]. The initial TPH
load in cultivation/degradation media was 1.9%. The present study
investigated the possibility and conditions to increase oil load without
impairing biodegradation rate. R. picketti BP20 and A. piechaudii KN1
demonstrated different tolerance levels depending on the drilling fluid
and co-substrate types. The easily consumable co-substrate (either
glucose or pyruvate) was used to avoid ambiguity in distinguishing
between starvation and the toxic effects of the drilling fluids. The
dynamics of microbial growth on easily-consumable substrate in
response to the addition of the drilling fluid followed this scenario: a
microorganism grew in the presence of relatively low concentrations
of a drilling fluid at growth rate typical for those on easily consumable
substrate, i.e., the drilling fluid had no impact on microbial growth
rate until toxic level was reached. The first sign of toxic effect can be
associated with the suppression of the microbial growth. The minimum
concentration causing growth rate reduction compared to drilling-
fluid-free media defines the Minimum Suppressive Concentration
(MSC). Increasing drilling fluid concentrations further reduced
microbial metabolic activity until microbial growth completely stopped
at the Minimum Inhibitory Concentration (MIC) of drilling fluid. The
drilling fluids at the concentrations above MIC level killed microbial
cells. The killing of 99.9% of the microbial population by the drilling
fluid was defined as the Minimum Bactericidal Concentration (MBC).

MSC for R. picketti BP20 incubated in the presence of glucose
and DF was around 1% diesel (Figure 1). Emulsification of water in
diesel (DIE) reduced MSC values to 0.8%; while diesel emulsification
in water (DDE) caused microbial growth suppression only at 2% diesel.
The replacement of diesel with low aromatic oil improved microbial
tolerance. LAF had no impact on R. picketti BP20 growth up to 1.3%
oil. Emulsification of low aromatic oil increased MSC values to 2.5% for
LAIE and 4.2% for LADE.

Alog CFU/ml
(=]

MBC

0 0% 03 06 12 25 5 10

Dinlling Muad concentration(%)

Figure 1: Dynamics of the microbial growth as a function of oil concentration in
the presence of co-substrate and drilling fluid (A ) and in the media containing
only drilling fluid(m). Cp: the peak concentration as the concentration of drilling
fluid, which provides maximum growth rate: MSC: the minimum suppressive
concentration of drilling fluid, which reduces microbial growth rate compared
to control drilling fluid-free media; MIC: the minimum inhibitory concentration
(MIC) corresponding to the minimum drilling fluid concentration needed to stop
microbial growth; MBC: the minimum bactericidal concentration (MBC) as a
minimum concentration of drilling fluid resulting in 99.9% microbial population
kill.
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In the presence of pyruvate, R. picketti BP20 response to diesel
drilling fluids followed similar trends, but effective concentrations were
a little bit lower than in glucose-containing media: MSC were below
0.8% for DF, 0.6% for DIE and 1% for DDE. However, MSC values for
low aromatic fluid and emulsions in pyruvate media were higher than
corresponding values in the presence of glucose: 2.5% for LAF, 3.3% for
LAIE and 5% for LADE.

A. piechaudii KN1 demonstrated higher tolerance than R. picketti
BP20 under all tested conditions. In the presence of glucose, MSC
values for DF, DIE and DDE were 2.1%, 1.3% and 4.2%, respectively
(Figure 2). With low aromatic fluid and emulsions A. piechaudii KN1
showed even higher tolerance: 3.3% for LAF; 4.2% for LAIE and 5%
for LADE. In the presence of pyruvate, the tolerance of A. piechaudii
KN1 was higher than in glucose media for both diesel and low aromatic
drilling fluids: 3.3% for DF; 2.1% for DIE; 5% for DDE; 4.2% for LAF;
5% for LAIE; and 6.7% for LADE.

The impact of drilling fluids on the viability of the hydrocarbon-
degrading microorganisms was quantified by the minimum inhibitory
(MIC) and bactericidal (MBC) concentrations. Similarly to the impact
of drilling fluids on the microbial growth rate, viability was enhanced
when low aromatic oil replaced diesel. Invert emulsions reduced, while
direct emulsion enhanced diesel concentrations which affect microbial
viability. The microbial viability in response to low aromatic fluids
increased in the order: non-emulsifier oil < invert emulsion < direct
emulsion. The tolerance of A. piechaudii KN1 was higher than that of
R. picketti BP20 to all tested drilling fluids.

The growth of R. picketti BP20 was inhibited at levels as low as 1.7
- 3.3% of diesel based drilling fluids and 2.5 - 6.7% of low aromatic
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Figure 2: Effective concentrations (MBC, MIC and MSC) observed for R.
picketti BP20 incubated in the presence of drilling fluids: Diesel based Fluid
(DF), Diesel Invert Emulsion (DIE), Diesel Direct Emulsion (DDE), Low
Aromatic Fluid (LAF), Low Aromatic Invert Emulsion (LAIE) and Low Aromatic
Direct Emulsion (LADE), and co-substrate: glucose (A) and sodium pyruvate

(B).

drilling fluids in the presence of glucose (Figure 3). In the presence
of pyruvate, R. picketti BP20 growth stopped at nearly twice lower
concentrations of diesel fluids and nearly twice higher concentration of
low aromatic oil. Similarly, MBC values were around 1.5 times higher
in glucose media than in the presence of pyruvate for diesel fluids: 3.3
- 5% and 2.5 - 3.3%, respectively; but, 1.5 times lower for low aromatic
fluids: 5 - > 10% and 8.3 - >10%, respectively.

In contrast, A. piechaudii KN1 tolerance was higher in the presence
of pyruvate than in glucose media for both tested oil types (Figure 3).
The inhibition of A. piechaudii KN1 growth was observed at 3.3 - 8.3%
for diesel drilling fluids and at 5 - 10% for low aromatic drilling fluids in
the presence of glucose, but, 5 - 10% and 8.3 — 10%, respectively, in the
presence of pyruvate. MBC values of diesel increased from 6.7 — 10% in
the presence of glucose to 8.3 — >10% in the presence of pyruvate. For
low aromatic fluid under all tested conditions, MBC values against A.
piechaudii KN1 were more than 10% (maximum tested concentration).

Hydrocarbon assimilation as a function of the oil
concentration

To assess the microbial ability to assimilate hydrocarbons from
drilling fluids, the drilling fluids were added to mineral media as sole
carbon and energy source at oil concentrations ranging from 0.1%
to 10% with two-fold increment. After 7 day incubation, changes in
microbial population were assessed for each oil concentration. In
general, drilling fluid addition induced microbial growth until it
reached maximum values at the peak oil concentration (Cp). Further
increase of oil concentration caused microbial growth reduction until
complete growth inhibition which was observed at the minimum
inhibitory concentration (MIC-2) of oil followed by the reduction of
microbial cell number. 99.9% killing of the microbial population was
achieved at the minimum bactericidal concentration (MBC-2).

For both microorganisms, the MBC-2 values were equal or higher
than MBC values obtained in the presence of co-substrates (Figure
4). The MIC-2 values of DF against R. picketti BP20 were 4 — 5 times
lower than corresponding MIC values in glucose and pyruvate media.
Similarly, MIC-2 values of DF against A. piechaudii KN1 were 3 - 4
times lower than corresponding MIC values. The peak concentrations
of most tested drilling fluids correlated well with corresponding MSC
values. Except for DF media, Cp values were 1.5 — 2.5 times lower
than corresponding MSCs, which indicates that the maximum (peak)
growth rate was observed one step (according to two-fold increment)
before growth suppression. For DF media, Cp values were around 5
times and 10 times lower than the corresponding MSC values against
R. picketti BP20 and A. piechaudii KN1, respectively.

At Cp values, drilling fluids provided the highest growth rates.
The lowest growth rates and corresponding TPH (total petroleum
hydrocarbon) removal were observed for DF: 3 - 7% hydrocarbon
reduction resulted in biomass increase of 0.8 - 1.2 log CFU/ml (Figure
5). Emulsification significantly improved metabolic ability of microbial
cultures. 11 - 12% diesel was assimilated by microbial populations
from DIE which increased microbial cell number by 2.1 log CFU/
ml. In the presence of DDE, microbial population grew by 2.8 - 3.1
log CFU/ml and assimilated 19 - 21% diesel. While the hydrocarbon-
degrading capacity against diesel fluid and emulsions were similar
for both microbial cultures, A. piechaudii KN1 demonstrated higher
metabolic potential against low aromatic drilling fluid than R. picketti
BP20. Both strains assimilated low aromatic drilling fluid with higher
rates than corresponding diesel based fluids, which resulted in higher
growth rates. And again, the degradation potential and growth rates for
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both strains increased in the order: LAF < LAIE < LADE. In particular,
A. piechaudii KN1 assimilated 27%, 39% and 46% of low aromatic oil mip  EAMIC2? MaC-2
with corresponding growth rates of 3.8 log CFU/ml, 4.4 log CFU/ml g
and 5.2 log CFU/ml, respectively. R. picketti BP20 assimilated 19%,
31% and 49% of low aromatic oil, respectively, that resulted in 3.1 - 4.3
log CFU/ml growth rates.
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Figure 3: Effective concentrations (MSC, MIC and MBC) observed for A. Figure 5: Total Petroleum Hydrocarbon (TPH) removal and corresponding
piechaudii KN1 incubated in the presence of drilling fluids: Diesel based microbial growth (Alog CFU/ml) observed for R. picketti BP20 (A) and A.
Fluid (DF), Diesel Invert Emulsion (DIE), Diesel Direct Emulsion (DDE), Low piechaudii KN1(B) incubated in the presence of drilling fluids: Diesel based
Aromatic Fluid (LAF), Low Aromatic Invert Emulsion (LAIE) and Low Aromatic Fluid (DF), Diesel Invert Emulsion (DIE), Diesel Direct Emulsion (DDE), Low
Direct Emulsion (LADE), and co-substrate: glucose (A) and sodium pyruvate Aromatic Fluid (LAF), Low Aromatic Invert Emulsion (LAIE) and Low Aromatic
(B). Direct Emulsion (LADE).
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and cultivation conditions. Microorganisms tested in the present study
demonstrated different levels of inherent tolerance to drilling fluids. A.
piechaudii KN1demonstrated higher tolerance levels under all tested
conditions compared to R. picketti BP20 response. Nevertheless, the
impact of different drilling fluids on the viability and productivity of
both microbial strains had similar trends. Microbial growth and TPH
degradation rates increased when diesel was replaced with low aromatic
oil. Further improvement was achieved via emulsification. Moreover,
higher productivity was observed in direct (O/W) emulsions than in
invert (W/O) emulsions. Similarly, viability of microorganisms in
low aromatic fluids and emulsions was higher than in corresponding
diesel drilling fluids. Tolerance to low aromatic fluids increased in
the sequence: non-emulsifier oil < invert emulsion < direct emulsion.
However, for diesel based drilling fluids, direct emulsion enhanced, but
invert emulsions reduced microbial viability when compared to non-
emulsified oil.

The tolerance mechanisms for the tested microorganisms are
poorly understood. It is not in the scope of the present study to explain
the genetic mechanisms of tolerance to hydrocarbons, but rather to
understand the microbial tolerance regulation by substrate conditions,
in particular, emulsification (direct and invert). Emulsification and
the action of surfactants increase bioavailability of the poorly soluble
hydrocarbons that may improve hydrocarbons uptake and intracellular
metabolism on the one hand and hydrocarbon toxicity to the microbial
cells on the other hand. In particular, the involvement of intracellular
hydrocarbon-metabolizing enzymes implies that the substrates
must enter the cell prior to being metabolized. The poorly soluble
compounds such as hydrocarbons have to be solubilized to enter
cells for bioremediation reactions. However, increased solubility and
transfer rate of hydrocarbon may impact not only metabolic processes,
but also promotes the detrimental interaction of hydrocarbons with
microbial cell membranes and functional molecules that result in
cell deactivation or death. The present study demonstrated that
emulsification/dispersion and solubilization of diesel and low aromatic
oil allowed better assimilation of these substrates. The TPH removal
increased from 11 - 12% for non-emulsified diesel to 19 - 21% for diesel
invert emulsion, and to 29 - 31% for diesel direct emulsion. Similarly,
assimilation of 19 - 27% of oil from non-emulsified low-aromatic oil
drilling fluid increased to 31 - 46% in low aromatic emulsions. The
emulsification also increased effective concentrations of drilling fluids
that allow higher load of hydrocarbons in waste to be acceptable for
biodegradation. While maximum productivity was observed at 0.1 -
0.5% of diesel and 1.0 — 1.5% of low aromatic oil, the emulsification of
oil in aqueous phase allowed assimilation of 1.0 - 2.0% of diesel and 2.5
- 4.0% of low aromatic oil. On the other hand, emulsification of water
in diesel resulted in reduced viability of the tested microorganisms
compared to the incubation in non-emulsified diesel or diesel direct
emulsions. However, either invert or direct emulsions of low aromatic
oil provided better viability of microorganisms compared to non-
emulsified oil. Thus, the biodegrading potential and the tolerance of
microorganisms are functions of: substrate chemical (diesel vs. low
aromatic oil) and physical (non-emulsified, invert or direct emulsions)
state; and concentration of oil in cultivation media.

Another factor responsible for microbe-hydrocarbon interaction
is the surface area between the organic phase and the aqueous phase.
Microorganisms have been shown to adhere and grow on the surface
of the hydrocarbon droplets dispersed in water. In invert emulsions,
microorganisms were also able to attach to the oil-water interface,
but grew only in water droplets [7,18]. Thus, the type of emulsion
may determine the ability of microorganisms to grow and degrade

hydrocarbons in oil-water biphasic systems. In direct emulsions,
microbial cells move freely in the continuous water phase and have
free access to oxygen and nutrients, including hydrocarbons dispersed
in water, providing high growth rates and reducing toxic effect of
hydrocarbon encapsulated in droplets. In contrast, invert emulsions
are water droplets in the continuous oil phase which confine microbial
growth within the water droplets, since the continuous oil phase
cannot sustain microbial growth, even being the sole carbon source.
Moreover, bulk oil can limit microbial growth and activity in water
droplets by reducing: bioavailability of oxygen, mass transfer of
nutrients, and solubility of hydrocarbon as main substrate [8]. The
microbe interaction with bulk oil also increases hydrocarbon toxicity
against microorganisms. Thus, direct emulsions of oil, either toxic or
not, have a potential to enhance microbial ability to assimilate and
resist to hydrocarbon substrate such as drilling fluids.

In the present study, the emulsions were added to cultivation
media. The increased water-cut is intended to break emulsions.
However, agitation allowed keeping small oil droplets dispersed in
media for direct emulsions, and let bulk oil from invert emulsions
to form large droplets in media (data not shown). This conversion
represents the biological treatment where cultivation media/fertilizers
are added to facilitate microbial activity, and/or waste is diluted to
avoid the toxic effects of hydrocarbons. The increased amount of
aqueous phase (in our case, cultivation media) and oil dispersion (both
small and large droplets) improved conditions for microbial growth
and activity. However, the level of dispersion (small vs. large droplets)
had a different impact on microbial activity. The microbial growth
and TPH degradation were higher in direct-emulsion-containing
media providing good oil dispersion than in media supplemented with
invert emulsions producing large droplets. Similarly, addition of non-
emulsified oils in culture media resulted in large oil droplets dispensed
in the media (data not shown). However, microbial activity under these
conditions was lower than in media supplemented with emulsions,
which indicate that surfactants contribute to microbial assimilation
of the hydrocarbons from drilling fluids. These trends were observed
for both diesel and low aromatic oil. In contrast, microbial viability as
a function of drilling fluid states depended on the substrate toxicity.
For the non-toxic substrate (low aromatic o0il), both minimization of
oil droplet size and oil solubilization improved microbial tolerance.
However, for the toxic substrate (diesel), minimization of oil droplets
size increased microbial tolerance, but oil solubilization reduced it.

Along with the oil phase, surfactants and Hydrophilic-Lipophilic
Balance (HLB) values may have toxic effects on microbial activity by
interfering with microbial cell membranes and through functional
molecules deactivation. The Span-Tween surfactant system at HLB
ranging from 4 to 14 systems used in the present study had no impact
on the growth of A. piechaudii KN1 and R. picketti BP20 (data not
shown). Bruneim et al. [19] supported our observation that Span 80 and
Tween 80 had no negative impact on microbial growth, but improved
hydrocarbon degradation via emulsification [19].

The tolerance of the hydrocarbon-degrading microorganisms also
responded to the addition of a co-substrate. The co-substrate (either
glucose or sodium pyruvate) had a different impact on microbial
growth and viability in response to drilling fluids. Glucose provided
higher tolerance of R. picketti BP20 to diesel, but pyruvate enhanced
tolerance to low aromatic oil. The tolerance of A. piechaudii KN1 was
better supported by pyruvate against both diesel and low aromatic
oil. Thus, co-substrates may improve hydrocarbon-containing waste
degradation, but can be also used for predicting microbial tolerance,
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and hence the potential for degradation of high concentration of drilling
fluid in waste after short term exposure (e.g., a 24 hour cultivation as
in the present study). The assimilation of hydrocarbon is usually a slow
process. It may take more than a week to get accurate data on microbial
tolerance and productivity at different hydrocarbon concentrations
when the hydrocarbon is a sole carbon and energy source. However,
an easily-consumable co-substrate (e.g., glucose and pyruvate) allows
quick microbial growth, which is, however, regulated by the drilling
fluid supplied. The present study demonstrated that MBC and Cp values
obtained after 7-day exposure to the drilling fluids correlated well with
corresponding MBC and MSC values obtained after 24 hour exposure
to the drilling fluid with the co-substrate. In contrast, MIC values were
significantly lower in the absence of co-substrates indicating that the
co-substrate supports microbial growth in the presence of drilling fluid
and provides higher numbers of microbial cells ready for hydrocarbon
assimilation. Therefore, MBC and MSC values may be used as effective
diagnostic parameters for predicting viability and productivity of
hydrocarbon-degrading microorganisms and possible acceptable
hydrocarbon load for the biodegradation process; while MIC values
allowed a selection of the most effective co-substrate system.

Using co-substrate-containing and co-substrate-free models in the
present study shows that the best hydrocarbon degradation (for the
tested conditions) may be achieved by assimilation of low aromatic
direct emulsion by A. piechaudii KN1, and sodium pyruvate may
improve degradation potential of this microorganism. In this case, 46%
of TPH was removed from drilling fluid waste after a 7-day exposure
to microbial culture with initial oil load of 3.5%. The pyruvate may
increase optimum oil load up to 5%, and hence improve waste cleaning.

Thus, the main observation from this study identifies the parameters
to improve hydrocarbon-contaminated waste treatment: (i) type of
microorganism; (ii) type and state of substrate; and (iii) co-substrate.
The essential element is microorganisms or microbial consortia
with high hydrocarbon-degrading potential and high tolerance to
hydrocarbon. While hydrocarbon-degrading potential provides a high
metabolic rate, high tolerance allows for an increase in hydrocarbon
load in cultivation media or higher concentration of hydrocarbon in
waste to be degraded without microbial growth impairment. Another
important element is the toxicity and biodegradability of substrate.
As demonstrated in the present paper and as previously reported, low
aromatic oil had lower toxicity and higher biodegradability than diesel.
So, replacement of diesel with low aromatic mineral and synthetic oil
is a promising step in the improvement of drilling waste treatment.
However, both diesel and low aromatic oil utilization may be improved
by emulsification. The highest biodegradation potential and the lowest
toxicity were determined for direct (O/W) emulsions. Thus, the
development of technologies where bulk oil from waste is emulsified
in water (and/or invert emulsions are reversed to direct emulsions)
may improve waste degradation. The improvement of hydrocarbon
waste degradation may be also be achieved by setting up reinforcing
cultivation conditions, e.g., selecting an appropriate co-substrate.
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