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Present drilling fluids for deep water wells have severe degenerative effect on the environment with high
operational and disposal costs. Thus, making them less desirable in recent times. Ester synthetic drilling
fluid provides a novel environmentally friendly alternative but conventional ester-based drilling fluids
exhibit high viscosities in deep-water wells causing excessive equivalent circulating density (ECD) and
increased risk of lost circulation owing to narrow mud density window. This study experimentally in-
vestigates the critical fluid properties and aerobic biodegradability potentials of two newly developed
deep-water synthetic ester drilling fluids namely: iso-propyl caprylate (COIPE) and iso-propyl linolenate
(LOIPE) synthetic fluids and their comparison with synthetic-paraffin (SP-SBF) and isomerized-olefin (10-
SBF) synthetic hydrocarbon fluids. The esters of iso-propyl caprylate and iso-propyl linolenate were pro-
duced from the isolation of ester mixtures that were obtained from the homogeneous catalytic trans-
esterification of coconut and linseed plant oil biomass respectively. The COIPE was isolated from the
coconut oil iso-propyl ester mixture by low-pressure fractional distillation technique. While fractional
distillation and crystallization were used to isolate the LOIPE ester from the linseed oil iso-propyl ester
mixture. Meanwhile, the aerobic biodegradation investigation was conducted by a modified oxygen con-
sumption respirometry technique. The GC-MS analysis of the COIPE and LOIPE showed that the former
contains essentially of lower saturated carbon compounds (C8). Whereas the latter contains higher mo-
lecular weight and unsaturated carbon compounds (C18*). The COIPE and LOIPE kinematic viscosity values
are in good agreement with that of the reference synthetic hydrocarbon fluid samples (SP-SBF and 10-SBF).
Although, the COIPE synthetic ester has lower viscosity value owing to the presence of shorter chain and
saturated carbon atoms (C8 esters). Similarly, the linolenic oil iso-propyl ester has excellent cold flow
characteristics for deep-water well drilling owing to lower values of cloud and pour points as a result of
higher concentration of poly-unsaturated linolenic esters. The iso-propyl caprylate and the iso-propyl
linolenate ester synthetic fluids are readily biodegradable in the sea water inoculum under aerobic con-
dition. However, the iso-propyl caprylate is inherently biodegradable because its degradation level and that
of the reference chemical sample were already above 60% during the 10-day window period. The SP-SBF
and the I0-SBF synthetic fluids have lower aerobic biodegradation values because they contain little
quantity of poly aromatic hydrocarbons as evident in their GC-MS profiles. Finally, esters and unsaturated
synthetic-based fluid are more rapidly biodegradable than paraffinic synthetic fluids and the rate of

biodegradation of organic compounds decreases as molecular weight increases
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1. Introduction

The growth in global oil demand was 1.3 million barrels per
day in 2018 [1]. In order to meet up with future energy demand,
rapid development of hydrocarbon resources in recalcitrant and
other unconventional reserves that were initially regarded as
white elephant projects owing to the high cost of producing such
reserves requires urgent attention. One of such fields is the deep-
water offshore environment. Hence, deep water field de-
velopments are usually undertaken with different uncertainties
of high project costs, high risk activities and longer project
duration and therefore insensitive to crude oil prices variations
in the short run than development of onshore resources [2,3].
Exploitation of hydrocarbon resources in deep water offshore
wells has always been associated with several environmental
pollution issues in both the benthic (sea bed) and pelagic (water
column) marine ecosystem most especially during offshore
discharge of drill cuttings. Therefore, one major issue that re-
quires careful attention is the selection of base oil and formula-
tion of drilling fluid for these types of reservoir and formation
characteristics in the most economically feasible, technically
appropriate and environmentally benign manner. The cost of
cuttings treatment and disposal if non-biodegradable drilling
fluid is used to drill the formation is a huge cost that will
monumentally increase the overall cost of producing the well.
Drilling fluids are complex fluid mixture consisting of the base oil
and other additives in measured and controlled quantities to
primarily remove, transport, suspend and release cuttings during
oil and gas drilling operations [4—10]. The base oil for the fluid
can be water, oil, synthetic base oil or gas depending on the type
of anticipated formation and well conditions as well as envi-
ronmental regulatory requirements of the country where drilling
operation is expected to occur and the economic viability of the
oil company involved [11,12].

Synthetic ester fluids were developed to produce a drilling fluid
that would provide the drilling performance of traditional mineral
and enhanced mineral oil-based fluids and exhibit rapid biodeg-
radation rate when the cuttings are discharged into offshore envi-
ronments. This is sequel to the proposition by environmental
regulatory authorities of North Sea countries that rapid degradation
will minimize environmental impacts of SBF cuttings discharges
and thus enhances ecosystem recovery [13].

Biodegradation is the breaking down of organic matter by
micro-organisms into products such as methane, carbon iv oxide
and water depending on the route by which degradation occurred
[14].

Aerobic biodegradation is defined as the breaking down of
chemical materials by microorganisms in the presence of molecular
oxygen. While anaerobic biodegradation occurs in the absence of
oxygen [15,16]. One major dichotomy between the aerobic and
anaerobic process is that methane is produced by the latter
whereas the former does not produce methane. However, both
processes produce carbon-iv-oxide and water. Biodegradation
process can be summarily grouped into three different stages of
bio-deterioration, bio-fragmentation and bio-assimilation [17]. Bio-
deterioration specifically connotes the modification of the me-
chanical and physico-chemical characteristics of a compound
owing to the influence of biotic and abiotic factors in the environ-
ment where bio-degradation is expected to occur. Such factors
include micro-organisms, light, temperature and presence of
chemical substances. The cleavage of different organic compound
bonds occurs during bio-fragmentation. While bio-assimilation
involves the addition of old materials into the new cells of the
micro-organisms.
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The degradation of organic compounds by micro-organisms can
take place under aerobic and anaerobic conditions. Nevertheless,
rapid and complete biodegradation of many organic pollutants
usually occur under aerobic condition [18]. Aerobic biodegradation
involves the use of molecular oxygen by aerobic organisms for the
transformation of chemical substances into carbon iv oxide and
water. Fungi and Algae are generally known to degrade organic
chemical compounds aerobically whereas bacteria and archaea are
capable of enhancing both aerobic and anaerobic biodegradation
processes [19—21]. Measurement of biodegradation rates of SBFs is
greatly influence by a large number of environmental and chemical
variables that affect degradation rate. The most important envi-
ronmental factors affecting biodegradation rate of SBFs in sedi-
ments are temperature, oxygen concentration, and seafloor energy.

The chemical Equation for aerobic biodegradation can be
described by Equation 1

CGH1206 + 602 - 6C02 + 6H20 + Energy (ATP) (1)

2. Materials and methods

2.1. Production and isolation of the iso-propyl caprylate and iso-
propy! linolenate

The iso-propyl caprylate and iso-propyl linolenate esters were
produced from the isolation of ester mixtures that were initially
obtained from the homogeneous catalytic transesterification of
coconut and Lin-seed plant oil biomass respectively. The proced-
ures in Folayan et al. [22] and Folayan et al. [23] were carefully
followed during the experiment. The fatty acids compositional
analyses of the synthetic ester fluids were evaluated by an Agilent
5977b Gas Chromatograph with mass-spectrometer detector (GC-
MS).

After the conversion of coconut oil and the linseed oil to iso-
propyl esters, the iso-propyl caprylate (COIPE) was isolated from
the coconut oil iso-propyl ester mixture by low-pressure fractional
distillation method and fractionation of the ester mixture was
based on melting point difference [24]. While the iso-propyl
linolenate (LOIPE) was isolated from the ester mixture by frac-
tional distillation and crystallization [25]. The linseed oil iso-propyl
ester mixture was fractionally distilled in vacuum to remove lower
iso-propyl esters (palmitic and stearic acid esters). The remaining
C18 iso-propyl esters (oleic, linoleic and linolenic acid esters) were
crystallized. The precipitate was dissolved in acetone solvent and
filtered. Each fraction was further analyzed and confirmed by using
a gas chromatography column (GC).

2.2. Spectroscopic analysis of synthetic drilling fluid samples

2.2.1. Gas chromatography-mass spectrometry (Gc-Ms) analysis
technique

GC-MS is a spectrometry technique that is used to qualitatively
and quantitatively determine purity and stability of chemical
compound and for separation and identification of components and
compositions in a mixture. It works on the principle that a com-
pound will separate into its individual components when heat is
applied. The GC-MS analysis was conducted with the aid of an
Agilent 5977b-gas chromatography with selective detector mass
spectrometer (Fig. 1).

A five-micro litre (5uL) volume of each drilling fluid chemical
sample was injected into the GC- apparatus column for subsequent
vaporization into a gas phase. The vapourized chemical substance
was carried by a mobile-phase, inert, helium gas and as the sepa-
rated compound emerges from the column opening, it flows
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Fig. 1. Agilent 5977 b g Gas chromatograph with MSD spectrometer.

through the mass selective detector (MSD) that identifies different
components by the mass of the analyte molecule.

The gas chromatograph utilizes a capillary column whose
properties in regards to molecule separation depends on the
column's dimensions (length, diameter, film thickness) as well as
the phase properties of the chemical compound to be separated
and identified. The gas chromatograph columns (GC columns)
represent the stationary phase and separation tool of the gas
chromatography equipment. The stationary phase ensures that
different compounds are adequately separated and eluted from
the column at different times. The difference in the chemical
properties between different molecules in the mixture and their
relative affinity for the stationary phase of the column will pro-
mote separation of the molecules as the chemical compound
travels through the length of the capillary column. The molecules
were thus retained by the column and then elute (come off) from
the capillary column at different times intervals otherwise known
as the retention time. This allows the mass spectrometer down-
stream to capture, ionize, accelerate, deflect, and detect the
ionized molecules separately. The mass spectrometer does this by
breaking each molecule into ionized fragments and detecting
these fragments using their mass-to-charge ratio (m/z). The
chemical components and the respective compositions of the
substances were then identified by application of large commer-
cially available libraries of mass spectrometer that were already
installed on the computer software.

2.3. Determination of the molecular mass of the fluid sample by
mass spectrometry technique

Mass spectrometry (MS) is an analytical technique that is used
to identify an unknown chemical compound. It is used to determine
the compound's molecular weight, its elemental composition and
the chemical structures/molecular structures of the compound. It is
a technique that determines the mass of a compound by measuring
the mass-to-charge ratio (m/z) of its ions. The molecules of the test
compound are ionized by different ionization mechanisms such as
electron ejection, cationization, electron capture, protonation and
deprotonation. The sources of ionization can be electron ionization
(EI), chemical ionization (CI), electro spray ionization (ESI), fast
atom/ion bombardment (FAB) and a host of other ionization sour-
ces. The molecular mass and structure of the synthetic fluid sam-
ples were experimentally obtained by a triple quadrupole ESI mass
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spectrometer (Fig. 2). About five micro-litres of each drilling fluid
sample were introduced into the mass-spectrometer machine by
using a liquid chromatography capillary column. The solution was
sprayed in the electro-spray ionization chamber to produce
continuous ionized gaseous ions. The resulting ions were electro-
statically deflected into a mass analyzer where they were separated
according to their mass to charge (m/z) ratio and finally detected.
The results of molecular ionization, ion separation and detection
are spectra that can provide molecular mass and structural infor-
mation. The ions passed through magnetic and electric fields to
reach the detector where they were detected and signals were
recorded to give mass spectra. A mass spectrum is a plot of relative
abundance against the mass to charge ratio (m/z). These spectra are
used to determine the elemental or isotopic signature of a com-
pound molecule, the masses of the molecules and to understand
the chemical structures of molecules and other chemical
compounds.

Mass spectrometry is one of the most viable techniques for
identification of unknown organic compounds because it is highly
sensitive and selective, and mass spectra are easily available against
vast reference databases.

2.4. Aerobic sea water biodegradation evaluation procedure

The aerobic biodegradation in sea water was evaluated by using
oxygen (O2) consumption manometric-respirometry procedures
highlighted by organization for economic cooperation and devel-
opment (OECD) guidelines for aerobic degradation in sea water
[26].

2.4.1. Experimental procedures

The apparatus consists of seven (7) (5-litre flasks). Flasks 1
and 2 contained the test substance and the inoculum, while
Flasks 3 and 4 housed only the inoculum (inoculum blank), flask
5 houses the reference chemical substance and inoculum for
experimental control. Also, Flask 6 contains the test substances
and sterilizing agent for abiotic sterile control. Finally, flask 7
contains the test substance, reference compound and inoculum
for toxicity control.

The pieces of laboratory equipment are automatic respirometer,
water bath (for temperature regulation), magnetic stirrer, PH meter
(for toxicity measurement) and carbon analyzer. While the chem-
ical and reagents were sodium acetate as reference chemical,
nutrient fortified sea water inoculum, synthetic-paraffin (SP-SBF),
isomerized-olefin (I0-SBF) and the newly developed caprylate oil
iso-propyl ester (COIPE) and linolenic oil iso-propyl ester (LOIPE)
synthetic ester fluids as test substances.

Fig. 2. Triple quadrupole ESI mass spectrometer.
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About 100 mg/L of each synthetic drilling fluid to be analyzed
were accurately measured and poured into a known concentration
of inoculated sea water mineral medium containing aerobic bac-
teria that were capable of giving at least 40—100 mgThOD/1. The
mixture was stirred in a closed vessel at a constant temperature of
20°C +1°C for about 28 days. The inoculum consists of natural
seawater micro-organisms fortified with essential nutrient with a
concentration of 30 mg/L. A magnetic stirring rod was inserted in
each vessel. The evolved carbon IV Oxide (CO;) was absorbed in a
solution of sodium hydroxide (NaOH) and the measuring heads
were screwed on tightly. The solutions of the test and reference
substance (sodium acetate) were prepared in separate batches and
in mineral medium equivalent to a concentration of 100 mg
chemical/l (giving 50—100 mg ThOD/1) by using stock solutions. The
theoretical oxygen demand of the reference chemical (sodium ac-
etate/ethanoate) was evaluated on the basis of formation of
ammonium salts.

The amount of oxygen in-take by the aerobic micro-organisms
during biodegradation of the synthetic drilling fluid (corrected for
in-take by blank inoculum and run in parallel) was expressed as a
percentage of theoretical oxygen demand (ThOD).

The standard filling volume was 164 mlL/vessel in order to
enhance the determination of biochemical oxygen demand (BOD)
values of up to 400 mg/L in the aqueous phase. The toxicity of the
test chemical substance towards the inoculum (sea water micro-
organisms) was determined by the inhibition of the degradability
of the sodium acetate (reference substance). A continuous record of
oxygen uptake was carried out in order to easily recognize the 10-
d window period.

The flow chart for the aerobic transformation process is pre-
sented in Fig. 3.

2.4.2. Evaluation of theoretical oxygen demand

The theoretical biochemical oxygen demand (ThOD) of a sub-
stance in (mg0,/mg target compound) was calculated on the basis
of formation of ammonium salt in the form of |
CcHpClgNnNapaOoPpSs] with molecular mass (MW) as recom-
mended by the OECD 1992b [27] protocol. However, the theoretical
oxygen demand (ThOD) method of evaluating the aerobic biodeg-
radation tendency of chemical substances is preferable to the
chemical oxygen demand (COD) technique because some chemical
substances are not fully oxidized in the chemical oxygen demand
(COD) test [28].

The mathematical equation is represented by Equation 2

16[2c+1(h—cl—3n)+3s+3p+ina—0] ,

VW (2)

What Equation (2) implies is that carbon (C) is mineralized to

carbon iv oxide (CO3), hydrogen(H) to water (H,0), phosphorous (P)

to phosphorous V oxide (P,05) and sodium (Na) to sodium 1 Oxide

(Naz0). While halogen was eliminated as halogen halide (NaCl) and
nitrogen as ammonia (NHs).

Drilling fluid

_.| Aerobic digerster(20°C) HABaCt‘Tia
moculum

ThOD =

NaOH

Carbon _ §
IVOxide Aerobic bio-transformation Water
(€O, products(ATP) (H,0)

Fig. 3. A flow chart for aerobic biodegradation process.
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In this study, the synthetic drilling fluid molecular formula and
molecular weights were experimentally determined by a mass
spectrometer with an electro-spray ionization technique.

The biotic biodegradation (%) of the test samples and reference
sample can be expressed by Equation (3).

mg oxygen/mg tested compound

mg ThOD/mg tested compound 100

(3)

Biodegradation (%) =

where:

ThOD = theoretical oxygen demand in (mg/L).

Therefore, in terms of the theoretical and biochemical oxygen
demand:

The percentage aerobic biodegradation (Dt) of the test drilling
fluid samples and the reference chemical can be obtained from the
cumulative amounts of oxygen demand of the test specimens
(BOD) by using Equation 4

BOD) s —(BOD)gg

oy _(
Dt (%) = (T0D) x 100

(4)

The biochemical oxygen demand is represented by Equation (5).

~ mgO0, uptake by test substance — mgO, uptake by blank

BOD -
mg test substance in vessel

(5)

where Dt is the biotic degradation in % of the theoretical oxygen
demand (ThOD).

(BOD)ys is the measured biochemical oxygen demand of the
test solution (Target compound or reference compound) in mg/L.

(BOD)cs is the measured biochemical oxygen demand of the
blank solution (inoculum solution) in mg/L.

ThOD is the theoretical amount of oxygen that is required by the
test specimen or target compound in mg/L.

Therefore, the individual synthetic fluid theoretical oxygen de-
mand (ThOD) was evaluated by using the following procedures.
These are.

(1) Synthetic paraffin (SP-SBF) is a saturated hydrocarbon-based
synthetic-liquid fluid with molecular formula C;7H3g and
molecular weight of 240.464 g/mol

Hence, the theoretical oxygen demand is expressed by Equation

(6);

16[2c +1(h)]

ThOD(sp_spr) = VW (6)

(2) Isomerized olefin (IO-SBF) is an unsaturated hydrocarbon-
based fluid with molecular formula CygH3, and molecular
weight of 224.42 g/mol

Hence, the theoretical oxygen demand is expressed by Equation

(7);

16[2c + 1 (h)]

ThOD 0_sgr) = Y

(7)

(3) COIPE is an ester-based fluid with molecular formula
C11H320, and molecular weight of 186.295 g/mol
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Hence, the theoretical oxygen demand is expressed by Equation

(8);

16[2c+1(h)—o
ThOD coipg) =% (8)

(4) LOIPE is an ester-based fluid with molecular formula
C51H360, and molecular weight of 320.512 g/mol

Hence, the theoretical oxygen demand is expressed by Equation

(9);

16[2c + 4 (h) — o]

ThOD i op) = MW 9)

(5) Sodium acetate (reference substance to check the microbial
activity of the sea water sample) is a compound with mo-
lecular formula: C,H3NaO, or CH3COONa and molecular
weight of 82 g/mol

Hence, the theoretical oxygen demand is expressed by Equation
(10);

16[2c + 4 (h) +$na — o]

MW (10)

ThOD(CszNGOZ) =

3. Results and discussion

3.1. Identification and composition of different synthetic fluid
samples

The chemical components and the percentage compositions of
the fatty acids of the plant oil biomass are presented in Table 1. The
coconut plant oil starting material is a highly saturated organic
compound that contains 49.25%, 17.50%, 7.80%, 7.60% and 6.90% of
lauric, myristic, caprylic, palmitic and capric fatty acid respectively.
While the linseed oil plant biomass contains poly unsaturated fatty
acids with linolenic acid (C18:3) as the major fatty acid component
(Table 1).

Petroleum 10 (2024) 254—264

The GC-MS chromatograms for caprylate oil iso-propyl ester
synthetic fluid (COIPE) showed that it is an ester fluid that consists
majorly of saturated, caprylic acid (C8) iso-propyl ester and 4.85%
caproic acid (C10) iso-propyl ester as impurities. While the chro-
matograms of LOIPE synthetic fluid showed that it contains prin-
cipally of poly-unsaturated (C18:3) linolenic acid-iso propyl ester
with 5.15% linoleic acid (C18:2) iso-propyl ester and 1.38% mono-
unsaturated oleic-acid (C18:1) iso-propyl ester as major impu-
rities. There were no traces of paraffin, olefins or aromatic com-
pound in the GC-MS Chromatograms of the synthetic ester fluid
samples. The synthetic paraffin-based fluid (SP-SBF) is a saturated
hydrocarbon-based synthetic-liquid fluid with heptadecane as
major constituent and 2.25% benzene amin group as impurities.
Whereas, the isomerized olefin (IO-SBF) is an unsaturated
hydrocarbon-based fluid with 1-hexadecene as principal compo-
nent and 1.12% aromatic content. Such hydrocarbons containing
compounds are known to cause adverse impacts on humans and
the environment most importantly the marine ecosystems. In fact,
some of them are tagged as high-priority environmental pollutants
[29—32].

3.2. Mass spectrometry analysis

The results from the mass spectrometry analysis of the different
deep-water synthetic fluid samples showed that the caprylate oil
iso-propyl ester fluid (COIPE) is a saturated synthetic ester fluid
with molecular formular C;;{H,;0, and molecular weight of
186.295 g/mol. Similarly, the linolenic oil iso-propyl ester (LOIPE) is
an unsaturated synthetic ester fluid with molecular formula
C1H360, and molecular weight of 320.512 g/mol. The synthetic
paraffin-based fluid (SP-SBF) is a saturated hydrocarbon-based
synthetic-liquid fluid with molecular formula C;7H3g and molec-
ular weight of 240.464 g/mol. Whereas the Isomerized olefin syn-
thetic fluid (IO-SBF) is an unsaturated hydrocarbon-based fluid
with molecular formula C;gH3, and molecular weight of 224.42 g/
mol.

3.3. Base oil properties of iso-propyl caprylate and linolenate esters
(COIPE and LOIPE)

The COIPE synthetic fluid sample has good density value
(Table 2) that is similar to the reference synthetic hydrocarbon

Table 1
Percentage distribution of fatty acid esters from GC-MS.
Fatty acid (%) Molecular Molecular bond Structural Coconut oil Linseed
formula formula oil

Saturated

Caproic C5H1202 6:0 CH3 CH2)4COOH 0.50 —

Caprylic CgH1602 8:0 CH3(CH;)sCOOH 7.80 -

Capric Cy0H2002 10:0 CH3(CH;)sCOOH 6.90 -

Lauric C12H2402 12:0 CH3 CH2)10COOH 49.25 —

Myristic C14H2502 14:0 CHs5(CH3)12CO0OH 17.50 -

Palmitic Cy6H3202 16:0 CH3(CH;);4CO0OH 7.60 6.30

Stearic Cy8H3602 18:0 CH3(CH5);6COOH 2.30 4.10

Arachidic C0Ha002 20:0 CHj5(CH3)15COOH 0.15 -

Unsaturated

Palmitoleic C16H3002 16:1 CH3(CH2)5CH:CH — —
(CH;)7; COOH

Oleic CygH3402 18:1 CH3(CH;);CH=CH 5.90 21.15
(CH,); COOH

linoleic Cy8H3202 18:2 CH3(CH3)4CH=CHCH, 1.95 15.85
CH=CH(CH,); COOH

linolenic Cy8H3002 18:3 CH3CH,CH=CHCH; CH=CHCH,CH=CH(CH,); 0.15 52.60

COOH
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Table 2

Critical properties of iso-propyl ester fluid and comparison with synthetic hydrocarbon drilling fluids.
Test property Test method COIPE LOIPE SP-SBF 10-SBF
Density @ 15°C (g/cm?) ASTM D1298 0.857 0.885 0.818 0.810
K.V@ 40°C (mm?[s) ASTM D445 1.15 2.75 3.15 3.05
Flash point (°C) ASTM D93 89 146 84 91
Cloud point (°C) ASTM D2500 25 -22 1.2 -4.8
Pour point (°C) ASTM D5853 -2.6 -31.5 -85 -17.10
Oxidative stability @ 100°C (hrs) EN14112 28.5 45 36 375
Copper strip corrosion test (3 hrs at 100°C) ASTMD 1a 1a la 1a

130

fluid samples densities and thus enables moderate equivalent
circulating density (ECD) because high mud weight can cause
eventual borehole collapse. The COIPE and LOIPE kinematic vis-
cosity values are in good agreement with that of the reference
fluid samples (Table 2). Although, the COIPE synthetic ester has
lower viscosity value owing to the presence of short chain and
saturated carbon atoms (C8 esters) compared to the LOIPE syn-
thetic fluid [33,34]. Base oil kinematic viscosity greatly influences
the rheological properties of drilling mud in deep-water well ap-
plications. High mud viscosity increases pump pressure and limit
flow properties and thus reduces penetration rates. The linolenic
oil iso-propyl ester (LOIPE) has excellent cold flow characteristics
for deep-water well drilling owing to lower values of cloud and
pour points (Table 2). This is due to higher concentration of poly-
unsaturated linolenic acid esters. Whereas the caprylate oil iso-
propyl ester (COIPE) has higher cloud and pour point values
because it is a highly saturated ester compound. Saturated esters
have higher melting point than unsaturated ones and thus higher
cloud and pour point values [35,36].

The isomerized olefin synthetic base fluid (I0-SBF) has lower
cloud and pour point values than the synthetic paraffin fluid (SP-
SBF) as observed from Table 2 because isomerization decreases the
pour point of olefins by shifting the double bond from the alpha
position to a position between the two internal carbon atoms [37].
The isomerized olefins (I0-SBF) are usually synthesized by isom-
erization of linear alpha olefins (LAO) in the presence of heat and
suitable catalyst. While synthetic paraffins are formed by the low-
pressure Fischer- Tropsch reactions, involving catalytic hydroge-
nation of carbon monoxide.

The oxidative stability of the drilling fluids was measured in the
laboratory at 110°C by the rancimat test through the induction
periods. The COIPE synthetic fluid has a higher induction period
and thus good resistant to oxidation in high temperature-high
pressure environment. Whereas, the LOIPE fluid exhibits lowest
induction period among the tested drilling fluid samples and hence
poor stability to oxidation. This may be due to the presence of large
amount of unsaturated ester content and/or absence of natural
phenolic antioxidant in its structure.

Table 3

3.4. Aerobic biodegradation

The oxygen intake of the aerobic microbes that are present in
the inoculum from the various synthetic drilling fluids and the
sodium acetate reference fluid sample in mg/L during the 28-days
laboratory biodegradation experiment in an aerobic digester are
presented in Table 3 and Fig. 4. The caprylate oil and the linolenic
oil iso-propyl esters (COIPE and LOIPE) have higher amounts of
biochemical oxygen consumption (Table 3 and Fig. 4) relative to the
theoretically available values. Whereas, lower oxygen concentra-
tions were consumed by the synthetic-paraffin (SP-SBF) and the
isomerized-olefin (I0-SBF) synthetic fluids. Hence, the degree of
aerobic degradation of the tested chemical substances in sea water
in the presence of molecular oxygen to form carbon iv oxide, water
and other products is shown in Table 4 and Fig. 5 respectively.

The iso-propyl caprylate (COIPE) and the iso-propyl linolenate
(LOIPE) ester synthetic fluid samples have higher intake of oxygen
that is similar to that consumed by the reference chemical sub-
stance (sodium acetate) and thus higher aerobic biodegradation
extents partly because of their higher degree of solubility in water
and the nature of their chemical compound. However, the iso-
propyl caprylate (COIPE) ester fluid is more aerobically biode-
gradable than the iso-propyl linolenate (LOIPE) ester owing to its
higher solubility due to its lower molecular weight because it
contains essentially of lower saturated carbon compound (C8).
Whereas, the latter contains higher molecular weight and unsat-
urated carbon compound (C18™). The iso-propyl caprylate synthetic
fluid (COIPE) is inherently and readily biodegradable in sea water
inoculum under aerobic conditions. The degradation levels in
COIPE and reference chemical samples were already above 60%
during the 10-day window period under aerobic condition which
shows that they are inherently and readily biodegradable (Fig. 5).

The synthetic-paraffin (SP-SBF) and the isomerized-olefin (IO-
SBF) synthetic fluid samples have lower biodegradation degrees
compared to the ester fluid samples and the sodium acetate control
fluid sample.

This may be partly connected with the presence of poly aro-
matic hydrocarbon (PAHs) as shown in their gas chromatography

Amount of cumulative oxygen intake from different synthetic fluid samples and reference chemical.

Time (day) Cumulative oxygen Intake (mg/L)
SP-SBF 10-SBF COIPE-SBF LOIPE-SBF Sodium acetate (reference)ThOD (mg/L) = 78 mg/L
ThOD (mg/L) = ThOD (mg/L) = 56.121 mg/L ThOD (mg/L) = 43.657 mg/L ThOD (mg/L) = 47.478
56.744 mg/L

0 0 0 0 0 0

Ny = 9.82 +0.22 11.67 + 0.26 16.75 + 0.24 15.00 + 0.24 3533 £0.25

N, =10 15.97 + 0.30 18.58 + 0.34 26.75 + 0.28 2573 £ 0.27 55.07 + 0.29

N3 =15 2241 + 041 26.46 + 0.42 30.20 + 0.35 29.32 + 0.34 61.23 + 0.40

N4 =20 25.90 + 0.56 30.53 + 0.60 33.10 + 0.41 32.33 + 0.40 64.04 + 0.53

N5 = 28 28.43 + 0.65 33.22 + 0.68 34.42 + 045 34.12 + 045 66.77 + 0.58
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Fig. 4. Oxygen Intake Curve for Synthetic Fluid Samples and Reference Chemical
Sample in Sea water.

Table 4
Aerobic biodegradation of different base fluid samples.

Time (day) Aerobic biodegradation (%)
SP-SBF 10-SBF COIPE-SBF LOIPE-SBF Reference

liquid

0 0 0 0 0 0

N; = 17.30 20.80 38.40 31.60 45.30

N, =10 28.15 33.10 61.27 54.20 70.60

N3 =15 39.50 47.15 69.20 61.75 78.50

N4 =20 45.65 54.40 75.80 68.10 82.10

N5 = 28 50.10 59.20 78.84 71.86 85.60

results. Poly aromatic hydrocarbons are not readily degradable
under aerobic conditions in marine environment [38]. Neverthe-
less, the isomerized-olefin (I0-SBF) synthetic fluid degraded more
rapidly than the synthetic paraffin fluid because it contains un-
saturated carbon-carbon double bond and oxidation of unsatu-
rated compounds by aerobic microorganism in sea water occurs
more rapidly than that of saturated carbon-carbon single bond.
Thus, esters and unsaturated synthetic based fluid (SBF) chemicals
are expected to biodegrade more rapidly than paraffins (carbon to
carbon single bond), ethers, and acetals synthetic fluids in

(=N ~ ® e
(=} (=) (=3 (=1
T T 1

S
(=)
T

Aerobic biodegradtion /%
W
S

—e—SP-SBF
30k —=u—10-SBF
COIPE-SBF
20f ——LOIPE-SBF
10k —— Sodium acetate
window (reference)
0 5 10 20 15 30

15
Time /days

Fig. 5. Aerobic biodegradation curve for synthetic fluid samples and reference
chemical sample in sea water as percentage of ThOD.
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oxygen-rich environment [39]. This position agrees with Rafael
et al., 2021 [40]. The lower rate of biodegradation of the 10-SBF
compared to the ester fluid samples and the reference chemical
may also be due to branching. According to Neff et al., 2000 [41],
branching of hydrocarbon chains tends to slow down the rate of
biodegradation.

In aerobic biodegradation, molecular oxygen act as reactant and
electron acceptor for microbial respiration in order to oxidize the
organic compound [42]. Whereas, anaerobic degradation processes
use nitrate, sulphate, carbon IV oxide and metal oxides as electron
acceptors to degrade organic compounds [43—45]. However,
degradation of organic compounds under anoxic conditions is quite
slower in comparison to aerobic degradation processes owing to
un-favourable and complex reaction energetics with alternate
electron acceptors. Also, the addition of an oxidized functional
group to activate molecules in anaerobic hydrocarbon trans-
formations is a first order rate limiting step.

Hence, aerobic biodegradation process is usually influenced by
the amount of dissolved oxygen concentration in sea water. The
higher the oxygen concentration, the greater the aerobic biodeg-
radation degree [46]. However, oxygen concentration is usually low
in sea water because aerobic microbes consume oxygen quickly
relative to its abundance [47].

The general mechanism of aerobic biodegradation of hydro-
carbon compound by aerobes is shown in Fig. 6. In the first stage,
aerobic hydrocarbon degrading bacteria act initially on the hy-
drocarbon containing compound by producing an enzyme called
oxygenase. It is an oxidative process of activation and incorpo-
ration of oxygen into the compound which are majorly catalyzed
by enzyme oxygenases and peroxidases (Fig. 6). The step-wise
conversion of organic compound into useful intermediate prod-
ucts such as tri-carboxylic acid (TCA) is usually done by the pe-
ripheral degradation pathways as shown in Fig. 6. These
intermediates, are then finally converted to carbon IV oxide and
water.

Hydrocabon

-

Initial attack by oxygenases

Degradation by peripheral
pathways

G,
’5\‘.

! Intermediates Ce

NH,’ of
PO TCA cycle
S0, \% C. 4 o
2
\

Respiration

/

Fig. 6. General Pathway for Aerobic Biodegradation of Organic compounds [51].
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The synthetic paraffin (SP-SBF) and the isomerized olefin (10-
SBF) synthetic fluids were oxidized by aerobic microbes to the
corresponding alcohol, and further oxidation of alcohol occurred
to produce carboxylic acid through ketone or 1,2 diol in-
termediates for paraffin and olefin respectively (Fig. 7). The sug-
gested mechanisms for the hydrocarbon oxidation are
dehydrogenation, hydroxylation, and hydro-peroxidation
[48—50]. During this process, two atoms of oxygen are required
for each atom of fatty acid formed. The fatty acids derived from
oxidation of these hydrocarbons are oxidized through beta-
oxidation to form acetyl-CoA which are incorporated into the
energy and synthetic pathways of the microbes. The stages of the
fatty acid oxidation are de-hydrogenation, hydration, oxidation
and thiolysis. The Acetyl-CoA that is generated by the beta-
oxidation pathway enters the micro-organism's mitochondria
tri-carboxylic acid (TCA) cycle where it is further oxidized to
produce nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH;) that are used as energy carriers by
the electron transport chain to produce adenosine tri-phosphate
(ATP). Thus, SBF base chemicals are biodegraded completely un-
der aerobic conditions, with the reduction (incorporation into
biochemical substrate) of a large amount of oxygen. However, the
biodegradation pathway for esters usually occurs through ester
hydrolysis. That is, the chemical disintegration of esters by water
to form the parent carboxylic acid and alcohol. Another pathway
for aerobic ester biodegradation is the oxidation of the alkyl chain
by microbial attack from aerobes starting from the beta position
relative to the carbonyl group to form hydro-peroxides, cyclic
ethers, ketones and aldehydes. After partial hydrolysis, the bac-
teria utilize hydrocarbons as carbon source for their biomass
development owing to the removal of the organic compound in
marine environment. The process results in the growth of cell
biomass.

4. Conclusions

(1) The COIPE and LOIPE kinematic viscosity values are in good
agreement with that of the reference synthetic hydrocarbon
fluid samples (SP-SBF and IO-SBF). Although, the COIPE
synthetic ester has lower viscosity value owing to the
presence of shorter chain and saturated carbon atoms (C8
esters). Similarly, the linolenic oil iso-propyl ester has
excellent cold flow characteristics for deep-water well
drilling owing to lower values of cloud and pour points as a
result of higher concentration of poly-unsaturated linolenic
esters.

(2) The synthetic hydrocarbon-based fluids (SP-SBF and 10-SBF)
contain aromatic compounds as evident in their GC-Ms
analysis results and serious marine pollution issues may
occur from the offshore disposal of their drill cuttings.
Whereas, the iso-propyl caprylate and linolenate synthetic
ester fluids (COIPE and LOIPE) do not have any traces of
paraffins, olefins or poly-aromatic compounds in their GC-
MS profiles.

(3) The iso-propyl caprylate (COIPE) and the iso-propyl
linolenate (LOIPE) ester synthetic fluid samples are readily
biodegradable in the sea water inoculum. However, the iso-
propyl caprylate (COIPE) is more aerobically biodegradable
due to its higher solubility in water because it contains
essentially of lower saturated carbon compound (C8).
Whereas, the latter contains higher molecular weight and
unsaturated carbon compound (C18™).
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(4) The iso-propyl caprylate synthetic fluid (COIPE) is inherently
and readily biodegradable in sea water inoculum under
aerobic conditions. The degradation levels in COIPE and
reference chemical sample were already above 60% during
the 10-day window period under aerobic condition which
shows that they are inherently and readily biodegradable.

(5) The SP-SBF and the I0-SBF synthetic fluids have lower aer-
obic biodegradation values because they contain little
quantity of poly aromatic hydrocarbons as evident in their
GC-MS profiles.

(6) Carbon-carbon double bonds and ester linkages are more
easily oxidized than carbon-carbon single bonds by seawater
aerobics microbes. Thus, esters and unsaturated synthetic-
based fluids are more rapidly biodegradable than paraffinic
synthetic fluids under the same biodegradation conditions.

(7) Biodegradation rate of organic compounds decreases as
chain length increases. The solubility of paraffins, olefins and
ester-based synthetic fluids increases with decreasing car-
bon chain length and molecular weight. Thus, higher mo-
lecular weight synthetic fluids are less bioavailable and
biodegradable than lower molecular weight base chemicals.
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Nomenclature

ATP Adenosine tri-phosphate

BOD Biochemical oxygen demand

COD Chemical oxygen demand

COIPE Caprylate oil iso-propyl ester

ECD Equivalent circulating density

ESI Electro-spray ionization

FADH, Flavin adenine dinucleotide

GC-MS Gas-chromatography mass-spectrometry
IEA International energy agency

10-SBF Isomerized olefin synthetic-based fluid
LAO Linear alpha olefin

LOIPE Linolenic oil iso-propyl ester

NADH Nicotinamide adenine dinucleotide
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OECD Organization for economic cooperation and
development

SBF Synthetic-based fluid

SP-SBF Synthetic paraffin synthetic-based fluid

TCA Tri-carboxylic acid

ThOD Theoretical oxygen demand
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