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Abstract

A large quantity of produced water (PW) is currently produced during crude oil and natural gas
exploration and production. The result and effect of discharging PW on the environment has
become a significant issue of environmental concern. PW impacted soil is a common
environmental problem associated with oil and gas production. This causes the death of plants
and contaminates soil. In addition, impacted soil leads to wide spread contamination of surface
waters and shallow aquifers.

This work describes an investigation of PW and full characterization of contaminated soils by
the disposal of PW at the study site, it includes analysis of both PW and impacted soil using
different analytical techniques in order to identify and assay the main constituents that cause the
pollution of the soil at the site. The Nasser oilfield, Libya has been chosen as the study site
because has a long history of crude oil production since 1956. For this study, six PW samples
were collected from the disposal pit bank and through the production stages, eighteen samples
of contaminated soil from the disposal pit bank at the study oilfield along with uncontaminated
soil samples (taken far from the polluted area) to used as reference. Measurable impacts from
PW discharges observed in the soils that have been identified include elevated concentrations of
petroleum hydrocarbons and salts in the soil. The total dissolved solids (TDS) concentration in
PW and soil can vary between 25407 mg/1 to 126065 mg/1, for PW and 20716 mg/kg to 105240
mg/kg for impacted soil. The most common organic contaminants found-in PW- are total
petroleum hydrocarbon (TPH) and BTEX (benzene, toluene, ethylbenzene and xylenes). The
average concentrations of TPH for PW and polluted soil samples ranged from 1.2 mg/l to 2.9
mg/1 for PW and 10550 mg/kg to 90750 mg/kg for soil samples, BTEX were found in PW at the
- processes stage and the disposal pit. The average BTEX concentration in PW ranged from 0.11
mg/1 to 1.86 mg/l. The polyaromatic hydrocarbons (PAHs) and oilfield chemicals (OFCs) (i.e.
corrosion inhibitors, scale inhibitors, biocides and demulsifiers) were also detected in soil and
PW at the study site. Understanding the composition of PW and the impacted soil are necessary
for assessing the possibility of beneficial reuse and to selecting suitable treatment process for
PW and soil. The results showed that the main constituents that impact the soil are
hydrocarbons and salts.

In response to a growing need to cleanup environmental contamination, various remediation
technologies have been developed to treat soil, wastewater and groundwater contaminated by
different pollutants, include in-situ and ex-situ methods, the choice of the remediation method
depends on the type, extent, concentration of the pollutant and the future land use. A
combination of method biological, physical, and chemical technologies may be used in
combination with one another to decrease the contamination to a harmless and suitable level.
Accordingly, to the results an action of soil bioremediation is proposed to remove the

hydrocarbons from soil. Bioremediation is one of the most important methods for the
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remediation of contaminated soil with petroleum hydrocarbons as it is environmentally friendly
and a relatively low cost effective alternative to physical and chemical cleanup options.

Laboratory pilot studies were carried out on bioremediation of soil contaminated with petroleum
hydrocarbon from the Nasser oilfield, Libya. Factors that may influence the rate of TPH
removed in a crude oil contaminated soil were investigated. Bioaugmentation and
biostimulation (a combined treatment) were applied to three soils polluted with approximately,
1 %, 4 % and 8 % of TPH. The bioaugmentation is performed with addition of isolated
microbes from soil contaminated with crude oil which were able to grow in a complex mixture
of hydrocarbon via inorganic fertilizer (N:P). Biostimulation is performed with addition of
different ratio of inorganic fertilizer (N:P) for a period of 240 days. The rates of degradation of
petroleum hydrocarbon by the indigenous soil microbe (biostimulation) and in the addition of
microbe (bioaugmentation) show that higher degradation rate in all system occurs within the
first 60 days. Between 73% to 99% degradation of crude oils in contaminated soils was
achieved after 240 days of incubation, depending on the experimental condition. While, in
sterile control soil samples biodegradation ranged from 10.90 % to 17.72 %. However, the most
rapid biodegradation occurred in the system with the concentrations of 1 % and 4 % and lower
biodegradation occurred in the system with a concentration of 8 % TPH, this due to the high
concentration of hydrocarbons which could be toxic to the microbes. The information obtained
from the results on small scale bioremediation indicates that biological treatment of
contaminated soil is appropriate. Identification of bacteria is of great importance for the best
understanding of the biodegradation process. In this study, the isolates microbes from the soil
were identified as Bacillus sp., Bacillus simplex strain, Microbacterium sp and
Corynebacterium stationis strain by using molecular biology, based on DNA extraction,

genomic analysis of 16S rRNA genes and sequencing.
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Figure 5-21 ESI mass spectra full scan (m/z 50-1850) of acidified methanol
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(E) mass range 387-389

Figure 5-34 ESI extracted ion chromatograms of quaternary ammonium compounds
obtained by LC/ESI-MS analysis of produced water sample (SPT4). (A) Full scan
50-1850 (B) mass range 303-305 (C) mass range 331-333 (D) mass range 359-361
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(water added) plus chromatograms of (A) overlay view of zero and days 240 of
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Petroleum history

1.0 Introduction

Crude oil production is generally considered to have begun on 1859 in Pennsylvania,
USA when Edwin L. Drake discovered crude oil and drilled the first deep well to be
sunk specifically for oil. Within the year, a further 175 oil wells had been drilled in
Pennsylvania and within two years other wells were drilled that produced thousands of
barrels per day (Dickey 1959 and Speight 2002). The search for petroleum spread
rapidly to the other parts of the world. Small quantities of oil were being produced by
1856 and 1857 in Russia and Romania respectively, and by 1900 this was followed by
other countries (Hobson et al., 1975). In Libya oil exploration began in 1955, with the
key National Petroleum Law No. 25 enacted in April of that year. Libya's first oilfield
was discovered in 1956 and oil exports began in 1961. In 1956 when the first oilfields
were discovered they were called the Zelten Oilfield. This is now known as the Nasser
Oilfield (Waddams 1980).

Crude oil is a natural product resulting from the decomposition of animal and vegetable
remains. The production of a large deposit of fossil fuel requires a large initial
accumulation of organic matter, which is rich in carbon and hydrogen. Crude oil is a
complex mixture mainly made up from carbon and hydrogen, however sulfur, nitrogen,
oxygen and metals (e.g. Fe, Ni, and V) are also found in crude oil. The hydrocarbons in
crude oil vary from simple saturated alkanes and aromatics to complex, multi ring
structures of high molecular weight (Speight 2002 and Speight 2007). Crude oil is
described as containing four hydrocarbons fractions as follows:

o Saturates: also called aliphatics, are non-polar hydrocarbons composed of
single bonds, including straight-chain and branched alkanes, as well as cycloalkanes
(containing one or more rings), which may have several alkyl side chains. Thus,
saturates generally are the lightest fraction of the crude oil (Speight 2007).

o Aromatics: are hydrocarbons that have at lest one aromatic ring such as benzene
and its structural derivates. The aromatics contain alkyl chains and cycloalkane rings,
along with additional aromatic rings. Aromatics are often classified as mono-, di-, and
tri-aromatics depending on the number of aromatic rings present in the molecule.

. Resins: The resin fraction consists of polar molecules often containing nitrogen,
oxygen or sulphur. The resin fraction is operationally defined as the fraction soluble in
light alkanes such as pentane and heptane, but insoluble in liquid propane (Speight
2007).



. Asphaltenes: The asphaltene fraction, like the resins, is defined as a solubility
class, namely that fraction of the crude oil that precipitates in light alkanes like pentane,
hexane or heptane. This precipitate is soluble in aromatic solvents like toluene and
benzene. The asphaltene fraction of crude oil contains the largest percentage of
heteroatoms (O, S and N) and organometallic constituents (Ni, V and Fe). The structure
of the asphaltenes themselves consists of polycyclic aromatic clusters, substituted with
varying alkyl side chains (Speight 2007).

1.1 Crude oil operation and their impact on environments

Oil and gas production operations can be divided into two phases, "upstream oil
production” is a term commonly used to refer to the search for and the recovery and
production of crude oil and natural gas and is also known as "exploration and
production". Downstream production commonly refers to the refining of crude oil and
the selling and distribution of natural gas and products derived from crude oil. This
includes oil refineries, petrochemical plants and petroleum product distribution. In
downstream production areas, hydrocarbons reach the surface and are routed to the
central production facilities which gather and separate the produced fluids (oil, gas and
water) initially by gravity and capillary forces. The oil production industry typically
divides wastes formed in downstream production into three categories: drilling wastes;
associated wastes and produced water (E&P Forum 1993&1997and Nagy 2002).

1.1.1 Drilling waste

Crude oil and natural gas explorations encompass activities such as drilling using
equipment that can cut through soil and rock in order to identify and access geological
formations that contain oil and gas reservoirs. Crude oil or gas wells simply cannot be
drilled without a continuous circulation of drilling fluid (or mud) to drilling equipment.
The drilling waste is the second largest volume waste generated by the oil and gas
industry. Water based drilling fluids may contain viscosity control agents and density
control agents. Oil based drilling fluids also contain a base hydrocarbon and chemicals
to maintain water in oil emulsions. The cutting rock and soil are lifted to the surface by
the fluid circulated through the drilling pipe and usually appear as sludge with an
aqueous layer floating on the surface. These are disposed it into open pit nearby the
drilling facilities as shown in Figure 1-1. Both the U.S. Environmental Protection
Agency (EPA) and the American Petroleum Institute (API) have studied drilling waste
streams extensively and identified the constituents that pose the greatest human health

and environmental risks (Nagy 2002).
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Joel et al., 2010 and Alley et al., 2011 and Ebrahimi et al., 2012), and would therefore
not be an environmental issue.

1.2 The potential environmental impacts

During exploration and the production of crude oil and natural gas a variety of potential
impacts on the environment can occur. These impacts depend upon the stage of the
process, the size and complexity of the project, the nature and sensitivity of the
surrounding environment and the effectiveness of planning, pollution prevention,
mitigation and control techniques (E&P forum 1993, 1997 and Dong et al., 2011).
However, oil and gas activities occupying large areas involve emissions and discharges
of pollutants in all phases from the first seismic surveys until fields are shut down and
installations are removed.

In the exploration stage, noise from surveying aircraft and seismic explosions may
cause animals to flee from the area. Improper disposal of waste from base camps can
lead to contamination of local water and food supplies and environmental degradation.
In the drilling and production stage, in cases of improper handling, discharge of waste
and toxic substances during drilling can pose a threat to the surrounding environment.
Ground water is particularly sensitive to contamination, leading to profound health
impacts on wildlife and local people. The most significant source of water pollution
during drilling is inappropriate disposal of formation water that is extracted along with
oil from the well. This resulting contamination of ground and surface waters can have a
serious impact on local people, animals and vegetation. In the decommissioning and
rehabilitation stage improper controls can result in soil and water contamination. The
potential impacts include human, socio-economic and cultural impact, atmospheric,
aquatic, and global impact (E&P forum 1993 and 1997).

1.2.1 Aquatic impact

The principal aqueous waste streams resulting from upstream operations are; first,
produced water, second, drilling fluids, cuttings and well treatment chemicals, third,
process, wash and drainage water, fourth, sewerage, sanitary and domestic wastes, fifth,
spills and leakage. The volume of waste generated depends on the process phase of
exploration and production (E&P forum 1993 and 1997).

1.2.2 Ecosystem impact

The areas that are affected by hydrocarbon releases, can recover after the hydrocarbon
has been removed, although full recovery can take a number of years. Plant and animal
communities may also be directly affected by changes in their environment through

variations in water, air and soil/sediment quality and through disturbance by noise,
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extraneous light and changes in vegetation cover, these changes may directly affect the
ecology (E&P forum 1993 and 1997).

1.2.3 Atmospheric impact

In order to examine the potential impacts arising from exploration and production it is
important to understand the sources and nature of the emissions and their relative
contribution to atmospheric impacts. The primary sources of atmospheric emissions
from oil and gas operations arise from: firstly, flaring, venting and purging gases,
secondly: combustion processes such as diesel engines and gas turbines, third, fugitive
gases from loading operations and tankage and losses from process equipment. The
potential for emissions from exploration activities to cause atmospheric impacts is
generally considered to be low. However, during production, with more intensive
activity, increased levels of emissions occur in the immediate vicinity of the operations.
For instance: flaring of produced gas is the most significant source of air emissions
(E&P forum 1993 and 1997).

1.2.4 Oil impacts on global environment

Soil contamination from petroleum hydrocarbons is an important human and
environmental health issue around the world. This contamination has probably occurred
since the use of petroleum became widespread during the early part of the twentieth
century. The potential exists for humans to be exposed to petroleum constituents in soils
through various pathways (E&P forum, 1993 and 1997). Potential pathways of exposure
to petroleum hydrocarbons in soil depend on the type of soil and petroleum constituents
present.

Potential impacts to soil arise from three basic sources: physical disturbance as a result
of construction and contamination resulting from spillage and leakage or solid waste
disposal. Potential impacts, which may result from poor design and construction,
include soil erosion, if native vegetation is removed and soil exposed. Alterations to soil
conditions may result in widespread secondary impacts such as changes in surface
hydrology and drainage patterns, increased habitat damage, reducing the capacity of the
environment to support vegetation and wildlife. Soil contamination may arise from
spills and leakage of chemicals and oil, causing possible impact to both flora and fauna
(E&P forum 1993 and 1997). However, as the subject of this study is PW and it is effect

on the soil a detailed explanation will be given.



Produced water composition and it is impact on environment

1.3 Produced water definition

Exploration and production of crude oil and natural gas usually results in significant
volumes of wastes from the facilities of the oil industry such as drilling waste and
associated water (i.e. formation water and injection water).

Formation water (FW) is water naturally occurring layers below the hydrocarbon
deposits in the porous reservoir media or it is water found in the same reservoir as crude
oil and gas. FW (also called brine water or saltwater) is considered to be an essential
part of reservoir fluid; this is due to the fact that petroleum deposits are always found in
association with FW (Stephenson 1992, Fakhrul-Razi et al., 2009, Joel et al., 2010 and
Ebrahimi et al., 2012). FW contains soluble salts to some degree, but the variation in the
concentration and nature of these dissolved salts is considerable: waters range in salinity
from almost fresh to dense, saline brines. In order to differentiate easily the different
types of FW and consistently describe them, it is necessary to define the relevant terms
commonly used in the literature. The word "brine" is commonly used to describe any
water containing high dissolved salts. However, Carpenter (1978) set out a classification
scheme which may be easily applied to FW. It requires that brine must contain over
100,000 mg/1 total dissolved salts, water containing between 10,000 and 100,000 mg/l
dissolved salts is termed saline, and any water containing less than 10,000 mg/1 is either
fresh or brackish. By these definitions seawater (35,000 mg/1 dissolved salts) is saline,
but not brine. Salinity is a measure of the total dissolved salts (TDS) (usually of Na, K,
Ca and Mg) in solution, but is often used interchangeably with TDS, which is the sum
of all inorganic and organic non-particulate material (Carpenter 1978).

Once the FW is brought to the surface and separated from crude oil and natural gas, this
water is called produced water (PW) and is defined as the water pumped up from an oil
well together with oil and gas. In addition, the term PW is also used to describe the
water from an oil well after its separation from crude oil using separator equipment. PW
is the single largest volume of waste produced by the oil and gas industry (Stephenson
1992, Fakhrul-Razi et al., 2009, Joel et al., 2010 and Horner et al., 2012).

In crude oil and natural gas exploration and production, large volumes of water are
produced along with hydrocarbons in crude oil and gas fields all over the world provide
largest by-product in the crude oil and natural gas production, this water is mixture of
FW and injection water. Injection water (IW) is the water that is injected into the
reservoir to maintain pressure in the reservoir and enhance crude oil extraction

efficiency (Thomas et al., 2004, Abdol Hamid et al., 2008 and Horner et al., 2012).
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PW is one of the most important sources of pollution associated with crude oil and
natural gas production. It contains dissolved solids, high salt content, heavy metals,
dispersed oil, dissolved organic compounds (including hydrocarbon), organic acid,
phenols, production chemicals and gases (including hydrogen sulphide and carbon
dioxide). Besides these constituents, PW may also contain low levels of NORM
(Stephenson 1992, Gray et al., 1993, Neff 2002, Thomas et al., 2004 and Ebrahimi et
al.,, 2012). However, the most harmful contaminants present in PW are organic
compounds such as benzene, toluene, ethylbenzene, and xylene (BTEX), polyaromatic
hydrocarbons (PAHs) and alkyl phenols (Neff 2002, Deriszadeh et. al., 2010, Sundt
2011 and Costa et al., 2012). The discharge of PW containing these pollutants can lead
to contamination of soil and aquifers.
1.4 Produced water composition
PW consists of FW (i.e. the water naturally present in the reservoir) and condensed
water in the case of natural gas production. In addition, the effluent stream from crude
oil production can also contain IW that has been injected to maintain the reservoir
pressure. Generally, PW can be characterized as saline water (Fakhrul-Razi et al.,
2009). PW usually contains elevated concentrations of organic and inorganic pollutants.
PW properties vary considerably depending on the geographic location of the field, the
geologic formation with which the PW has been in contact for thousands of years and
the type of hydrocarbon product being produced. The injection of additional water into
the formation to increase hydrocarbon recovery can also affect the physical and
chemical properties of PW (Veil et al., 2004, Abdol Hamid et al., 2008 and Horner et al.,
2012). As is mentioned above, PW is a combination of FW and IW containing many
pollutants such as organics (dispersed and dissolved oil), dissolved solids, ammonia,
boron, heavy metals, radionuclides and OFCs, and hence should be treated before use.
As is to be expected most PW are characterized by a high content of petroleum
hydrocarbons. PW contains a much higher concentration of dissolved solids than does
sea water. Some reservoir is found to contain salinity as high as more than 300,000
ppm, (while the salinity of sea water is 35,000 ppm). The high salinity encountered is
mainly due to the presence of dissolved cations (Neff et al., 2002 and Chen et al., 2012).
The constituents of produced water (PW) are many and varied, the major components of
PW are summarised below:
o Hydrocarbons
» Dissolved [BTEX]
= Dispersed
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= Precipitated (waxes, asphaltenes)
Production solid
= Suspended (including, sands, corrosion and scale products)
» Dissolved (salts, iron)
¢ Major cations (such as Na* K*, Ca®*, Mg?*, Ba**, S** and Fe*)
¢ Major anions (such as CI, Br, S04, HCO5, CO;%, NO;5, OH and
POs)
Production chemicals (or oilfield chemicals (OFCs))
= Scale inhibitors
= Corrosion inhibitors

=  Demulsifier inhibitors

Biocides
= etc.

Dissolved gasses

= CO,

= H,S

= 0,

Trace metals

NORM (Naturally Occurring Radioactive material)
Temperature
pH

Bacteria

The contaminants in the PW need to be removed before re-use or disposed of (Lu et al.,

2006, Joel et al., 2010, Bonfa et al., 2011 and Ebrahimi et al., 2012).

1.4.1 Oil in produced water

Oil is a combination of different hydrocarbons and as well as simple alkanes, alkenes,

alkynes and aromatic hydrocarbons include BTEX. NPD, these are 2-3 ring aromatic

compounds: naphthalene, phenanthrene and dibenzothiophene, PAHs, polycyclic (3-6

ring) aromatic hydrocarbons [3-6 ring compounds naphthalene and phenanthrene are not

defined as PAHs and are included in the NPD group] and phenols. Oil is the common

term applied to organic material that is present in PW in suspension or dissolved at the

time of disposal. Oil in PW is the sum of that present as dispersed (i.e. small discrete oil

droplets suspended in the PW), and that totally dissolved oil in PW (i.e. aliphatic

hydrocarbon, low molecular weight aromatic compound, organic acids, phenols and a

variety of other substances). Most hydrocarbons are insoluble in water and therefore,
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said to be ‘dispersed’ in the PW. However, some hydrocarbons and dissolved partially
in water. BTEX and phenols are the most soluble in water and some of the PAHs are
partially soluble and can be present in a dissolved form in water (Tellez et al., 2002 and
Ekins et al., 2007).
The oil composition, pH, salinity, temperature, oil/water ratio, type and quantity of
oilfield chemicals used and the type and quantity of various stability compounds are the
main factors affecting the amount of dissolved and dispersed oil present in PW (i.e.
waxes, asphaltenes and fine solids) (Benko et al., 2008 and Fakhrul-Razi et al., 2009).
When the dispersed oil is discharged along with PW, dispersed oil may accumulate into
the environment, thereby resulting in contamination and accumulation of oil into the
ecosystem. Threfore, volatile components may also evaporate into the air. This can
potentially affect the environment negatively (Veil et al., 2004 and Wang et al., 2012).
1.4.2 Production solid and dissolved salts in produced water

1.4.2.1 Suspended in produced water
PW usually contain precipitated solids, sand and silt, carbonates, clays and other
suspended solids derived from the producing formation and from well bore operations.
These solids can influence the fate of PW and its effects, and can reduce the removal
efficiency of oil/water separators. In addition, PW contains corrosion and scale products.
Scales can form when ions in supersaturated PW react to form precipitates when
pressures and temperatures are decreased during production. Calcium carbonate,
calcium sulfate, barium sulfate, strontium sulfate, and iron sulfate are the most common
scales present in PW. These cause equipment damage, flow restriction and formation
damage in addition to lower production rates (Veil et al., 2004 and El-Said et al., 2009).

1.4.2.2 Inorganic in produced water
As is mentioned above, the properties of PW can vary depending on the geological and
geographical location and the age of the oilfield. The inorganic pollutants present in PW
are primarily derived from the rock formation in which the water has been in contact
with it (Benko 2008). Inorganic dissolved compounds in PW include cations and anions,
heavy metals and NORM.

1.4.2.3 Cations and anions in produced water
PW contains a wide range of both cations and anions, the major cations are: Na*, K,
Ca®*, Mg?*, Ba**, Sr** and Fe**. CI', Br, SO4%, HCO5", COs>, NOy, OH and PO4”" are
the major anions present in PW. Both cations and anions affect PW chemistry in terms
of salinity and scale potential. Salinity refers to the amount of total dissolved salts (TDS)

in the water and is frequently measured by electrical conductivity (EC). Salinity is due
10



to dissolved sodium (Na) and chloride (Cl) with a contribution from calcium (Ca)
magnesium (Mg) and potassium (K). Salinity can vary from low to saturation depending
on the geology of the area. Sodium adsorption ratio (SAR) is the ratio of the sodium
concentration to the combination of calcium and magnesium. It is known to affect on
soil dispersibility, another critical parameter for irrigation water (Veil et al., 2004 and
Fakhrul-Razi et al., 2009).

1.4.2.4 Produced water salinity
As discussed the salinity of PW can range from very low to high (up to 300,000 mg/1)
depending on the surrounding geology and the production process. This is a major
contributor to the toxicity of PW (Fakhrul-Razi et al., 2009).
1.4.3 Heavy metals in produced water
Produced water (PW) discharged from crude oil operation usually contains elevated
concentrations of trace elements such as cadmium (Cd), copper (Cu), mercury (Hg),
lead (Pb), nickel (Ni), silver (Ag) and zinc (Zn) (Moatar et al., 2010). The concentration
of such metals in PW depends on the field, particularly with respect to the age and
geology of the reservoir formation in which the crude oil and natural gas are produced
(Veil et al., 2004 and Fakhrul-Razi et al., 2009).
1.4.4 Naturally occurring radioactive materials (NORM)
Radionuclides in oil and gas production are described as either NORM or low specific
activity (LSA) scale. They arise where the geological source rocks have a natural
radioactive component. PW generated during the production of oil and gas usually
contains enhanced levels of NORM. During the reaction between water and rock in
reservoir the NORM such as uranium, radium, and radon are dissolved in low
concentration (Fisher 1998 and Moatar et al., 2010). Oilfield FW is usually rich in
chloride and this enhances the solubility of other elements such as NORM. These are
brought to the surface with the crude oil and must be separated and then disposed. FW
that coexists with deposits of oil can have an unusually high concentration of dissolved
constituents that build up during prolonged periods of water/rock contact. Furthermore,
the scale deposits build up and are accumulated in oilfield equipment. Pipes and tanks
that handle large volumes of PW can contain NORM, typically consisting of the
radionuclides, radium 226 and 228 (Fisher 1998 and Moatar et al., 2010).
1.4.5 Oilfield chemicals (OFCs) in produced water
The production, recovery and separation of crude oil usually involve addition of various
mixtures of OFCs to the oil-water mixtures, to overcome operational problems. These

play very important roles in oil production (Grigson et al, 2000 and McCormack et al,
11



2001). Scale inhibitors, corrosion inhibitors, biocides and demulsifiers are usually added
to the top processing equipment of the oilfield to assist separation of produced fluid [oil,
gas and water] and mitigate operational problems. Scale inhibitors prevent mineral scale
deposition blocking pipe work, corrosion inhibitors prevent pipe work from attack by
the salt water and dissolved gases, biocides prevent bacterial degradation of the oil and
other products, and emulsion breakers facilitate oil-water separation. Some or all of
these OFCs may be discharged to the environment along with the PW (Grigson et al.,
2000 and McCormack et al., 2001); the full details of OFCs and their analysis in PW is
discussed in Chapter 5 of this thesis.

1.4.6 Dissolved gasses

The major gasses present in PW are carbon dioxide (CO;) and hydrogen sulphide (H>S).
Natural gas is dissolved in many waters in concentrations approaching saturation values.
Dissolved gasses in the PW are generally determined due to their corrosive nature.
Oxygen scavengers and other treatment chemicals are available to minimize levels of
undesirable dissolved gases in PW (Hansen et al., 1994 and Fakhrul-Razi et al., 2009).
1.4.7 Bacteria

Bacteria are commonly found in both natural and industrial systems. Bacteria are
responsible for many problems in the oil industry and may be broadly classified as
either attached to surfaces associated with biofilms or planktonic (free floating). This
classification may be further refined by considering the main types of organisms likely

to be encountered in a PW system. The main types of bacteria are:

= Sulphate reducing bacteria (SRB)

~ Iron bacteria (IB)

& Slime formers (include GAB and GAnB
= Sulphur oxidising bacterial (SOB)

% Hydrocarbon oxidising bacteria (HOB)
The effects of SRB are the most common biological problems found in oil and gas
production facilities. SRB form a physiological and ecological assemblage of diverse
types of strictly anaerobic bacteria. They have in common the ability to “activate”
sulphate and reduce it to hydrogen sulphide which causes chemical corrosion and
fouling of equipment by the formation of iron sulfide. In order to protect the facility
from this type of bacterial problem a biocide inhibitor is added to the production fluid

(Ayers et al., 2001and Kaur et al., 2009).
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1.5 Source and volumes of produced water

The volume of PW generated varies over the life cycle of an oilfield. In the early stages
of crude oil production volumes of PW are usually low, relative to the volume of
hydrocarbons whereas later PW production volumes continue to increase as the oilfield
reaches maturity. The water volume can increase to more than 10 times higher than oil
production (as high as 90 %). The increasing volumes of PW, the effects of discharging
of PW into the environment has recently become a significant issue of environmental
concern all over the world (Lu et al., 2006, Benko et al., 2008, Fakhrul-Razi et al., 2010,
Ebrahimi et al., 2012 and Freire 2012). In the United States for onshore production, 7.6
barrels of PW are generated for each barrel of oil produced, while wells elsewhere in the
world average 3 barrels of water for each barrel of oil produced (Horner et al., 2011).
The PW generated increases as the oilfield becomes older. Figure 1-2 gives an estimate
of onshore and offshore PW production since 1990, and forecasts the volume generated
up to 2015 (Dal Ferro et al., 2007).

As described above, PW properties and volumes also vary significantly due to the
injection of additional water into the formation to increase hydrocarbon production.
According to Neff, 2002 the amount of PW discharged from a single platform usually is
less than 9,400 barrels/day (bbl/d), whereas discharges from large facilities that process
PW from several platforms may exceed a 210,000 barrels/day (bbl/d). Khatib et al.,
2003 has reported that in 1999, more than 210 million barrels of PW generated each day
worldwide. According to Fakhrul-Razi et al., 2010, the estimated volume of PW
generated from oil and gas exploration and production operations worldwide is more
than 250 million barrels (bbl) day (with around 80 million barrels (bbl) of oil), this give
a ratio of about three barrels of water to one barrel of oil (3:1).

In the United States the PW volume annual estimates for onshore oil and gas wells for
the years 1985, 1995, and 2002 were 21, 18, and 14 billion bbl, respectively (Theodori
et al., 2011). In addition, Veil et al., 2009, reported that the estimated total volume of
PW in 2007 from U.S. onshore and offshore oil and gas production operations was
about 21 billion bbl. Furthermore, Benko et al., 2008 has reported that the amount of
PW generated from oil and gas productions in United States between 51,157128 to
65,414032 bbl/d this volume of water is greater than the combined daily water
consumption for New York City and Los Angeles together. Since, PW is the largest
waste-stream source in the whole exploration and production process, a cost effective
and environmentally acceptable disposal of these waters is critical to the continued

economic production of petroleum (Benko et al., 2008 and Ebrahimi et al., 2012).
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1.6 Produced water management

The huge amount of PW generated daily is a challenge for the oil industriy. With
volumes of this magnitude, the disposal of PW associated with oil and gas production
becomes expensive for the operator and affects the economics of the reservoir and the
environment. Produced water (PW) management has been a major concern of the
petroleum industry, and continues to affect drilling operations around the world
(Mohammed et al., 2009, Li et al., 2010 and Ebrahimi et al., 2012).

The costs associated with PW disposal play a significant role in the economics of the
reservoirs. Cost-effective management of produced water improves the productivity of
crude oil and natural gas producers by reducing the costs associated with the disposal of
produced water. Historically, oilfields PW were managed in ways that were found to be
most convenient or least expensive. Over the past decade, oil and gas operators have
looked to PW management approaches that minimize the generation of PW and to
disposal techniques that offer greater environmental protection and public safety. An
example from the oilfield is injection of PW not for disposal but to stimulate secondary
production through water flood. Figure 1-3 shows the philosophy of PW management
and the options for managing it. One of these options is to minimize the amount of PW
that reaches the surface by using a method called downhole separation. The major aim
of downhole separation is to avoid handling large quantities of water on the installation
by moving the oil/water separation process down into the production well. The
separatéd water is then re injected into a suitable underground reservoir and the oil is
pumped to the surface. Using this method the amount of PW can be reduced by more
than 50%. Also used are other water minimization approaches and technologies such as
mechanical blocking devices or water shutoff chemicals that allow oil to enter the well
bore while blocking water flow it, also includes devices that collect and separate PW
downbhole (Ekins et al., 2005and Veil et al., 2009).

Management of PW is generally expensive, regardless of the price of oil, because of the
high quantity of PW that must be lifted to the surface and separated from oil, treated and
then injected or disposed off. The cost of managing (handling and disposal) of the PW
after it has been already lifted to the surface and separated from the oil or gas at oilfield
can range from less than $ 1 to $ 10 dollars per barrel (Boysen et al., 2002 and Altare et
al., 2007). While, PW can be reused if certain water quality conditions are met, most

PW generated is disposed.
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In oil production activities, PW is managed in a variety of methods. These include:
discharge; underground injection for disposal; underground injection for increasing oil
recovery; evaporation; offsite commercial disposal; and, beneficial reuse. The
remaining PW is disposed through other methods including evaporation and percolation
pits (Altare et al., 2007, Kaur et al., 2009, Theodori et al., 2011 and Horner et al., 2012).
These management methods are briefly described below.

1.6.1 Discharges
Most onshore oilfield PWs are disposed off at the site of the oilfield. Common practices
are the use of a disposal pit or land spreading of drilling wastes and injection of PW. At
offshore platforms, most PW and some drilling wastes are discharged to the sea or
ocean. Discharge (disposal into the environment, with or without treatment) is usually
the preferred option for most crude oil and gas companies due to fact that it involved
minimal transportation and treatment. However, there is a need to take more caution
than is being done currently because the environmental impacts of discharges are
potentially very far-reaching because of the large volumes of discharge involved and the
large area impacted. Surface discharge can cause contamination to the soil and ground
water (Benko et al., 2008 and Kaur et al., 2009).
There are specific requirements that must be met to comply with environmental
regulations before discharge occurs. Strict monitoring should be in place to make sure
that the discharge is not harmful to the environment. The disposal of PW into shallow
coastal waters and to land has recently become an issue of significant environment
concern (Lu et al., 2009 and Bayati et al., 2011)

1.6.2 Evaporation pit (or disposal pit)
After the separation of mixed fluid (oil, gas and produced water) in the surface
separation facilities at the oilfield (and due to the extremely high volume of PW
present), a first option for the operator company is often surface disposal. In most case,
the PW is transported through pipes to be disposed into a large hole, made on the
surface and near to the oilfield and left to evaporate and infiltrate this hole is called a
surface pit. The size of the pit depends on the amount of PW to be disposed of as shown
in Figure 1-4. This method of disposal often results in widespread damage to the surface
soil as well as to the ecosystem at the site due to excessive concentrations of different
pollutants carried by PW. Surface pits holding PW allow it to either evaporate to the air
or percolate into the surrounding soil (Tellez et al., 1995 Kaur et al., 2009 and Wang et
al., 2012).
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http://en.wikipedia.org/wiki/Enhanced_oil_recovery

water injection rates than expected were required for subsurface disposal of PW as more
PW had to be disposed of than capacity and these affected the economics of the PW
injection wells and oil production from the field. To reduce the amount of PW to be re-
injected into the ground hence saving on PW disposal costs. Over the past years the oil
industry has looked into ways of using this PW for beneficial uses. New technologies,
especially in the area of membranes, are available for waste water and sea-water
desalination and these may be applied to PW treatment and desalination for beneficial
use (Gurden et al., 2000).

Miller et al., 1997and Doran et al., 1998 carried out pilot plant studies on converting
PW to beneficial use quality. The system of treatment consisted of deoiling, dissolved
organic removal, and partial demineralization. Settle et al., 1998 studied the use of PW
in irrigation or other beneficial purposes by looked into ways of using plants to remove
salt and other elements from the PW. Gurden, et al., 2000 looked into ways of removing
contaminants from PW using reed bed technology, in Oman, and using this water for
agricultural purposes.

1.7 Produced water treatment

The handling and disposal of the PW is one of the greatest environmental challenges to
crude oil and natural gas exploration and productions since it is associated with organic
and inorganic materials. Crude oil and natural gas companies need to treat or dispose of
PW according to recent strict regulations. In general the main stream coming up from
the well head (or reservoirs) consist of crude oil, natural gas and PW. The first step is
the mixed fluid is separated through separation process, and then the separated crude oil
is pumped into the storage tank. Thereafter the oily PW is pumped to the treatments
plant for further treatment. The basic PW treatment steps are shown in Figure 1-7.

The PW handling costs have increased extremely over the past two decades and will
continue to increase due to PW quantities increasing (Pendashteh et al., 2010, Fakhrul-
Razi et al., 2009 and Ebrahimi et al., 2012). Figure 1-8 shows the PW treatments
technologies targeting removal of different elements. PW treatment is an effective
option for PW handling. To determine and suggest any technology for PW treatment,
initially, is necessary to understand the physical and chemical composition of PW to
have an idea which treatment methods can be applied for different type of PW.
However, treatment will be required to met beneficial use effluent standards; in the

majority of applications.
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Physical, chemical, mechanical and biological treatments are the conventional methods
used for the treatment of PW. Gravitational separation, centrifugation, coagulation,
flotation, filtration and adsorption combined with biological treatment are the
conventional methods used for removal of free and emulsified oil and suspended solids
and also BOD removal from PW (Bayati et al., 2011). PW treatment can be divided into
two groups:-
» Mechanical: includes separation by using different equipment such as filters,
separators, hydrocyclones, coalesces, centrifuges, membranes, skim tanks and
gas flotation units

» Chemical treatment (which may be required for a variety of reasons):

v In the primary separation the reverse emulsion breaker or demulsifier is

added to assist the separation of oil emulsions from the PW.

v To increase the efficiency of the media filtration process by addition

of flocculants upstream

v In the primary separation process the scale inhibitor is added

upstream to minimize scale formation.
v Biocides are added to minimize bacterial growth (OSPAR 2002).

To improve the water quality for disposal or beneficial use many technologies are used.
These include reverse osmosis (RO), distillation, electrodialysis, desalination and ion
exchange methods. Air stripping, activated carbon adsorption, synthetic zeolite
adsorption, membrane filtration, wet air oxidation and biological treatments methods
can be used to remove dissolved organics from PW. Due to the complex chemical
composition of PW each technology has its limitations. Different technologies are
favoured around the world for wastewater treatment. Such technologies include micro-
filtration (MF), ultra-filtration (UF), reverse osmosis methods and ion exchange
methods for de-mineralization purpose. Hydrocyclones, membrane separators,
centrifuge, air-floaters, emulsifiers, and adsorbers have all been used to remove oil and
grease from the PW.

Different combinations of methods may be used to remove pollutants from PW
(Fakhrul-Razi et al., 2009, Bayati et al., 2011, Dong et al., 2011, and Ebrahimi et al.,
2012). The most widely used first stage of PW treatment is based on gravity separation
of oil from PW.
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Different equipment is used to perform this process. Filtration or barrier separation can

be employed but this method is not suitable for dissolved oil. Dissolved oil is removed

using filtration or membrane methods. Along with physical and chemical methods,

biological treatment methods can be used when the flow rates are high. Biological

treatment is attractive for remediation of dissolved oil in PW due to its low cost (Bayati

et al, 2011 and Wang et al., 2012). In general, oily PW treating equipments are

categorized as:
% Primary treatment equipment to protect the downstream facilities is directed at
the removal of water from crude oil. It is based on a gravity separation process
using a skimmer tank based on the difference between the specific gravity of oil
and water. When the retention time is sufficient, oil floats to the surface and can
be separated by an overflow, this technique is suitable only for non-dissolved
components.

¢ Secondary treatment equipment: Parallel plate separators consisting of parallel
plates, gas flotation and hydrocyclones are used to remove oil droplets from
produced water. A hydrocyclone is based on centrifugal forces and the
difference between specific gravity of oil and water.

¢ Tertiary treatment equipment: gas flotation technology using gas bubbles to
remove very fine oil particles in which fine oil droplets are attached to the gas
bubbles and as result a gas and oil are driven to the surface. The treatment of the
dissolved hydrocarbons can be removed by using membranes and biological
treatment (Ekins et al., 2005 and Li et al., 2010).

Many separate and combined physical, chemical and biological methods are available

for PW treatment such as:

1.7.1 Macro-porous polymer extraction (MPPE)

Macro-porous polymer extraction (MPPE) technology was introduced in 1990 and is

used to remove dissolved and dispersed hydrocarbons from water. The MPPE

technology is based on the liquid- liquid extraction process. In this technique the

polluted produced water is passed through MPPE. In the process of MPPE the

hydrocarbons are condensed and then separated from PW under the process of gravity.

By using MPPE technology 100% of hydrocarbons are removed and the treated water

can be re-used (Ekins et al., 2005 and Fakhrul-Razi et al., 2009).

1.7.2 Activated carbon

Adsorption can be accomplished using a range of materials, including zeolites,

organoclays, activated alumina, and activated carbon. The adsorption techniques include
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activated carbon filters with regeneration by wet air oxidation and oil-adsorbing media
canisters based on resins, polymers and clay technologies. Organic compounds and
some heavy metals in PW adhere to porous media or carbon surfaces. After a few runs,
the wet air oxidation process can regenerate activated carbon. Activated carbon can
remove soluble BTEX (Ekins et al., 2005 and Fakhrul-Razi et al., 2009).

1.7.3 Reverse osmosis (RO)

Reverse osmosis (RO) technology is a separation process used to remove organic
contaminates, dissolved solids and bacteria from water, RO is very effective and can be
used to treat brine (PW) with high salinity. The pressure force the water molecules
through the membrane while leaving the larges molecules behind, i.e. it uses pressure in
excess of osmotic pressure to force a solvent through a membrane that retains the solute
on one side and allows the purified solvent to pass to the other side. The RO process is
based on the reversal of water flow from high salinity to the permeate stream on the
opposite side of the membrane (Ekins et al., 2005 and Fakhrul-Razi et al., 2009).

1.7.4 Multi stage flash (MSF) process

The Multi stage flash (MSF) process is a water desalination process that distils salty
water by converting the water into steam in multiple stages. In MSF process the water is
passed through different stages and because of the reduction in atmospheric pressure the
water is continuously boiled and flashed into steam. Each stage is equipped with tubes
of heat exchangers, where the flash water is condensed and collected as clean water
(Ekins et al., 2005 and Fakhrul-Razi et al., 2009).

1.7.5 Ion exchange

Ion Exchange describes the separation, purification and decontamination of liquids by
the use of solid ion exchangers. The technology is one of the more flexible treatment
options because it is able to treat water of varying quality. Ion Exchange methods are
based on a reversible chemical reaction in which positively or negatively charged ions
in PW are exchanged for another ion, with similar charge attached to the solid particles.
Ion exchange technology can be used to removal heavy metals and hardness and other
elements from PW. The quality of water treated with this method is high enough to be
used for irrigation, livestock etc. (Ekins et al., 2005 and Fakhrul-Razi et al., 2009).
Tellez et al., 2002 has conducted a pilot field study to evaluate the performance of using
activated sludge treatment system for removing TPH from PW at South Western US
oilfield. They conclude that the treatment system is capable of removing hydrocarbons
from PW. Fakhrul-Razi et al., 2009 have reviewed the technologies used for oily PW

treatment. They conclude that no single technology can meet suitable effluent
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characteristics; hence two or more treatment system might be used. In addition, choice
of the best technology is depend on PW composition.

Fakhrul-Razi et al., 2010 studied the performance of a membrane sequencing batch
reactor and a reverse osmosis process for treating PW. The author found that the
membrane sequencing batch reactor inoculated with isolated microorganisms played an
important role in the biodegradation of the pollutants and also found that it was feasible
to treat the PW using RO and that the quality of PW met the requirements for discharge
or re-use. Melo et al.,, 2010 conducted a pilot scale RO and nano-fitration (NF)
membrane system treatment of PW from an oilfield in the northeast of Brazil. They
aimed to assess the quality of treated water for reuse for irrigation or other beneficial
uses. The authors concluded that by using RO/NF effectively resulted in decreasing
conductivity and TDS and the quality of PW met the requirements for beneficial use.
The authors also concluded that it is important by study the water toxicity in order to
meet the guidelines for irrigation use.

1.8 Impacts of produced water discharges

PW can present a threat to aquatic life if discharged into surface soil; it penetrates to
water tables or to crops when the water is used for irrigation. The fate and effect of PW
in the environment varies greatly, depending on the volumes of PW, the nature,
characteristics and constituents present in the effluent and the type of production. Gas
and oil operations give rise to significantly different produced water characteristics. PW
has various potential environmental effects depending on where it is discharged (Ekins
et al., 2007). Discharge to the open ocean has a lesser effect because of the dilution that
take place compared to discharge made to a small stream or surface soils. The disposal
of PW and other aqueous effluents that arise from oil production has always been a
problem in remote locations, whether in the desert or in the jungle. In areas with high
biodiversity, environmental considerations have been for many years a significant factor
in the design of effluent treatment systems. However, desert environments have been
seen as being less worthy of preservation (Veil et al., 2004 and AbdolHamid et al.,
2008). This has led to the proliferation of the evaporation pond, effluent pit, soak-away
or settlement pit as the primary means of effluent disposal. All pollutants in PW either
individually or collectively, when present in high concentrations, can affect the
ecosystem. Numerous studies have been conducted on the fate and effects of PW
discharges in the coastal environments, and these studies have shown that PW can

contaminate sediments and such contamination correlates directly with the PW
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