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Abstract

Produced water is geherated to the surface from oil production. Because of the complex
composition of produced water (a mixture of different organic and inorganic compounds
and residues of oilfield chemicals - added to aid oil water separation) and due to the
outcome of increasing volume and effect of discharging, its analysis has become a
significant issue of environmental concern. For this purpose and also because of
concerns over health and its safety, the chemical compositions of four produced water
samples from Al- Hamada oilfield in the Libyan Arab desert were investigated in details.
The -physical-chemical properties included pH,TDS, EC, COD, cations and anions,
organic compounds TOG, TPH, Base/Neutrals acids, Total phenols, BTEX, PAH
carbon distribution of the oil extracted from the samples ,inorganic compounds (heavy
metals), added chemicals (corrosion inhibitor and biocides), Determinations were
carried out using techniques, such as, GC-FID (HS-SPME), GC-MS, (ESI-MS/MS) and
(LC-ESI-MS). The results indicate that the metals were within the expected natural
ranges compared to those mentioned in the literature. Only manganese values were
found to be higher than those in the literature in a range between 0.06-0.23ppm .BTEX
and phenol were within range, 0.1- 0.2and compounds acenaphthene , indeno(1,2,3-
cd)pyrene, benzo(b)fluoranthene of PAH were identified in the range between0.4-
2ppm. These originate could be from biodegradation by existing bacteria, which
genefally" changes the chemical composition and reduce the toxicity of the water.
Typical corrosion inhibitor chemicals quaternary ammonium compounds (quats) were
detected with alkyl chain lengths of C12 (m/z 304), C14 (m/z 332), C16 (m/z 360) and
C18 (m/z 388). On the whole, knowledge is needed about the level of oilfield
chemicals in the produced water and groundwater and also phenol and alkyl phenols
compound present that contribute to the environmental impact of produced water need
to identify by GC-MS. Produced water should not be consumed by humans and

animals.
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Chapter 1

Introduction



1. Produced water
1.1 Definition of produced water

Oil and gas extracted from oilfields in many areas of the world are
accompanied by (mainly salty) water called produced water. Produced water
is defined by the U.S.-EPA as the water (brine) brought up from the
hydrocarbon bearing formation strata during the extraction of oil and gas. It
can include formation water which is a natural water layer that, being denser,
lies under the hydrocarbons, injection water, small volumes of condensed
water , and residues of treatment chemicals that have been added to assist
in the separation of oil/water (Produced Water Facts), to avert unfavorable
effects. These can include solvents or chemicals such as hydrate inhibitors,
dehydrators, scale inhibitors, corrosion inhibitors, bactericides, emulsion
breakers, coagulants, flocculants, deformers and paraffin inhibitors
(Farajzadeh 2004). Moreover the properties of the formation water are almost
the same as produced water from oil or ordinary gas production, but its
composition may be quite different (Veil et al. 2004), as the formation water
usually has higher salt concentration, with the cationic composition generally

resembling sea water, also it is more acidic.

In order to transfer and utilize the product, Produced water must be removed

from the petroleum product as fully as possible (Rabalais ef al. 1991).

At the surface the output of an oilfield is separated into an oil stream, a gas
stream and a water stream (Kevin and Juniel 2003). This is normally done by

pressurization and gravity separation (Rabalais ef al. 1991).

After separation a portion of the produced water is returned to the well for oil
ameliorates production (Tomasz et al. 2005; Israilides et al. 1997; Ayres and
Westcot 1976), and the rest is reused or disposed of (Hongzhu and Wang

2006).The portion for disposal must be treated and its toxicity assessed



(Produced Water Facts), because it will change the reservoir composition and
damage the environment. Commonly the choice for reuse relies on the quality
of the produced water following treatment (Hongzhu and Wang 2006).
Discharge of the produced water to deep wells for final disposal is sometimes
not a suitable solution for all sites as produced water approach up to the
ground level after injection into shallow wells this is discussed by (Cakmakce
et al. 2008).

1.2 Composition of produced water

The composition of produced water is changeable between wells and within
the same field (Cakmakce ef al. 2008). It is reliant on the water, and whether
it comes from crude oil or natural gas (Veil et al. 2004), although produced
water is usually deoxygenated (Boitsov ef al. 2007). It contains organic and
inorganic substances which include largely salts and oil hydrocarbons that
can contribute to the toxicity in the environment after disposal (Cakmakce et
al. 2008). For example the concentrations of total dissolved solids (TDS) in
high mineral containing components, ranges from 500-600 upwards to higher
than 100,000 mg/l for coal bed natural gas (Hayes and Arthur 2004), also oil
by virtue of its nature can be dispersed in water (Morrow ef al. 1995).

The oil content can be expressed as follows:

1- Dissolved oil (aromatics containing BTEX and PAHSs, acids containing fatty
acids and naphthenic acids, Phenols).

2-Dispersed oil (aromatics containing mainly PAHs, acids containing fatty
acids and, aliphatic) (Rge utvik 1999). However in both onshore and offshore
operations, attention is concentrated on the constituents of oil and grease in
produced water, and for onshore operations there are concerns over salt

content (expressed as, salinity, conductivity, or TDS) as a principal



constituent, inorganic and organic compounds or chemical additives used in
drilling naturally accruing radioactive material (NORM) (Veil et al. 2004).

In general most of produced water will be contaminated by some subset or

mixture of:

» Water

» Dissolved oil

» Dissolved solids

* Dissolved gases (particularly hydrogen sulfide and carbon dioxide)
* Dispersed oil droplets,

* Dispersed solid particles.

« Bacteriological matter

+ Added materials (treatment chemicals, destroy fluids, acids, such as
corrosion inhibitors, biocides, disinfectants, scale inhibitors, neutralizing
agents (alkalinity control). (Kevin and Juniel 2003).

1.3 Techniques used for characterisation of produced water

There are a wide variety of analytical techniques used to determine the
concentration of contaminants in produced water. from simple e.g. gravimetric,
and titrimetric methods to very advanced techniques using specialized
instrumentation such as, spectroscopy, chromatographic techniques like gas
chromatography (GC), gas chromatography mass spectrometry (GC-MS) and
high performance liquid chromatography (HPLC) along with spectroscopic
techniques such as atomic absorption spectrometry (AAS) , inductively

coupled plasma optical emission spectroscopy (ICP-OES) and inductively



coupled plasma-mass spectrometry (ICP-MS).Table 1.1 lists the techniques

commonly used for analysing produced water.

Table1.1 Analytical techniques used to characterize produced water.

[Compound || Technique || Reference
Total Oil IR (Tibbetts et al. 1992; Carey ef al.1992)
(Tibbetts et al. 1992)
BrEX || Purgedirap.GLCMS || g o dehaug ef al. 1992; Rabalais et al.
GC-FID
1991)
(Tibbetts et al.1992; Roe ef al. 1996;
PAH GC-MS Rabalais et al.1991;Brown et al. 1992;Neff
et al. 1992;Carey et al. 1992)
Organic Direct GLC/FID (Tibbetts ef al. 1992)
acids Isotachophoresis (Brendehaug et al. 1992)
Silylation GLC-MS || (Tibbetts ef al. 1992) (Grahl-Nielsen1987;
Phenols GC-MS Brendehaugetal. 1992; Carey ef al. 1992)
Derivatisation/GC (Brown et al. 1992)
AAS
Metals ICP-AES 3 (Tibbetts et al. 1992; Neff et al. 1992)
ICP-MS 6

1.4 Volumes of produced water

The volume of the produced water from oil and gas wells varies as the well
ages (Li et al. 2006). The water-to-oil ratio increases over the life of a
conventional oil or gas well, and this also varies from reservoir to reservoir (Li
et al. 2006; Cakmakce et al. 2008). When the well is new, water makes up a
small percentage of produced fluids but in time the percentage of water
increases and in contrast the percentage of product declines (Li ef al.
2006).In many instances, this waste stream is seven to eight times greater by

volume than oil produced at any given oilfield.

(9)]



In the U.S. water can comprise as much as 98% of the material brought to the
surface, for crude oil wells nearing the end of their lives (Veil et al. 2004).
U.S. wells generate an average of more than 7 bbl of water for each barrel of
oil (Lee ef al. 2002), while the rest of the world generate an average of 3 bbl
of water for each barrel of oil (Khatib and Verbeek 2003 ).

Production of oil and gas in the U.S currently produces, 14-18 billion barrels
of produced water every year. For instance, an EPA study indicated that 11.7
billion barrels of produced water are generated in the U.S. annually (U.S.
Environmental Protection Agency 1987).

An average of 210 million bbl of water was produced each day worldwide in
1999(Khatib and Verbeek 2003).The separation, handling, and disposal of
produced water lead to an estimated $18 billion costs to the oil and gas
industry in the U.S. It is single largest waste stream challenge facing the oil
and gas production industry (Godshall 2006). Because of the whole volume
and high handling cost of the produced water, the key issue is management
(Veil et al. 2004).

1.4.1 Factors affecting the volume of produced water during the life

cycle of a well.

A number of factors can affect the volume of produced water (Veil et al.
2004):

o Type of well drilled
o Location of well within reservoir structure
o Type of completion

o Type of water separation and treatment facilities



o Water flooding for enhanced oil recovery
o Insufficient produced water volume for water flooding
o Loss of mechanical integrity

o Subsurface communication problems

1.5 Produced water discharging
1.5.1 Environment impacts and volumes of produced water discharged.

1.5.1.1 Environmental impact of Produced Water Discharge
In order to assess possible effect of produced water on the environment

produced water must be tested for toxicity. From these data maximum
discharge rates are set. Under Oil Pollution Prevention and Control OPPC
2005 installations are given a permit for activities discharging oil to sea. From
1 January 2006 the oil in produced water must not exceed 30 milligrams per
litre as a monthly flow weighted average (Department of energy and climate

change).

The effect on the environment depends on the site of discharging. Disposing
in the open ocean has little impact or no measurable effects on marine
organisms because of the dilution that takes place after discharging; on the
other hand a large impact will be caused to the environment if the produced

water is discharged to small streams (Veil ef al. 2004).

Experiences to date in the USA and in other parts of the world show that
there are minimal risks associated with the discharge of appropriately treated

produced water (Offshore Produced Water Waste Management 2001).

The actual impact of produced water discharge on living organism can

achieve is determined by several variables like the physical and chemical



properties of the constituents, temperature, the content of dissolved organic
material, humic acids, presence of other organic contaminants, and internal
factors such as metabolism, fat content, reproductive state, and feeding
behaviour (Frost et al. 1998) .

As a rule the physical/chemical character of produced water (little dissolved
oxygen and pH, elevated salinity and metals) does not pose a hazard (Wills
2000), but magnesium, calcium, sodium and chloride are major contributors
to salinity in water and may have high TDS levels, which can have toxic
effects for human or livestock consumption (Rawn- Schatzinger ef al. 2003).

Aromatic and phenol fractions of the dissolved hydrocarbons are the main
contributors to the acute toxicity (short - term effects) of produced water that

may cause localized impact (Frost ef al. 1998).

The toxicity of the soluble organic fraction of produced water is not known
(Veil et al. 2004).

The toxic effects of produced water on living organisms may be due to
absorption of water-soluble components through the surface epithelia (e.g.
body surface and gills) and/or to oral ingestion and digestion of particulate
material. In fact a number of studies have pointed out that the acute toxicity of
produced water to marine organisms is generally low, excluding possibly in
the mixing zone, due to the rapid dilution and biodegradation of the aromatic
and phenol fractions (Frost et al. 1998; Brendehaug 1992).

Refractory organic pollutants are highly toxic and not simply degraded in the
environment. Chronic toxicity testing is required for offshore oil and gas
operations according to the EPA permit. Results of this testing In U.S Waters
do not indicate any significant toxicity problem. Some of the North Sea

nations have focused their attention more heavily on the combined impact of



many chemical constituents and the produced water controlled by different
approach (Veil ef al. 2004).

1.5.1.2 Volumes discharged

Produced-water re-injection percentage rises to greater than 90% when
produced water from oil and gas operations is considered together (Produced
Water Facts).

The amount of produced water discharged from Norwegian oil and gas
production which is about 30% of the produced water discharged to the entire
North Sea, in 1992 was close to 23 milion m® 26 milion m*® in1993
(Stremgren et al. 1995), roughly 100 million m?was discharged in 2000 and in
2003 the volume was close to 400 million m*, This means that produced
water volumes have tripled since 2000 (Wright et al. 1994). This water
contains tens of thousands of tonnes of organic compounds, including
hundreds of tonnes of alkyl phenols (OIf 2006). Alkyl phenols are known as
prospective endocrine disruptors which makes them a matter of concern for
marine biota (Nimrod and Benson, 1996; Meier et al. 2007), Heavy oil-
produced water annually discharged into the environment from the Liaohe
Oilfield in China is about 20 million m*. The National Research Council (1985)
estimates that worldwide produced water estimates to the oceans is less than
0.4% of the total amount of petroleum hydrocarbons (Offshore Produced
Water Waste Management, 2001). On the other hand 65% of the produced
water generated in the U.S. is injected back into the producing formation,
30% into deep saline formations and 5% is discharged into surface waters
(Cakmakce et al. 2008). The average annual volume of produced water in
Ecuador was equivalent to 1.7 times the total volume of water disposed
onshore in the U.S. in 1985. (American Petroleum Institute (API) 1987). Table
(1.2) indicates discharged volumes in the North Sea and produced water



production discharge from Canadian East Coast fields to date shows in

Table1.3; however discharge patterns from this field to date have been

consistent for fields in other areas of the world.

Table 1.2 Produced water discharged in the North Sea (1996-1998) (Wills et

al. 2000).
‘ Number of Water quantity Oil . .
Year |\ stallations || (millions of tonnes) zg‘l’ﬂj Oil quantity (fonnes)
1996 59 210 27 5,706
1997 64 234 55 5,764
1998 67 553 22 5,690

Table 1.3 Produced water production discharged from Canadian East Coast
Fields (Offshore Produced Water Waste Management 2001).

Cumulative Production(10°m®) || p1atform PV Stat
atus
Field oil Gas Water type Treatment
Hibernia 15.4 3.889 58.5 Gravity Hydro cyclone || Active
Sable N/A 2.059 13 Steel Hydro cyclone || Active
Island
7.1 N/A 14.371 Steel Hydro cyclone || Shut in
Cohasset

1.5.2 Discharging limited rate of produced water
Although produced water is treated it still has traces of oil, so it is important

that all new platforms are equipped with the besi practicable means for

separating oil from discharged water, Due to its quick mixing with seawater, it
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is most commonly discharged into the sea (Wills ef al.2000). Discharge into
the sea is firmly controlled by legislation, and environmental rules are

becoming more severe over time (Frankiewicz et al. 1998)

Produced water is in fact disposed of in many ways, the common ones
are :( Farajzadeh 2004) .

o Deep aquifer injection

Surface discharge/overboard disposal

e Shallow water aquifer recharge

o Industrial use (Dust control, Vehicle wash water, power generation...)
o Agricultural use (lrrigation of fruit trees or forage land...)

o Produced Water Re-Injection (PWRI)

o Evaporation pits

Desert flooding / livestock water pits

In the U.S. injection is regulated under the Underground Injection Control
(UIC) program which is authorized by the EPA, and then controls the injection
activities to guarantee protection of underground sources of drinking water
(Veil et al. 2004).

The water quality for overboard disposal must be higher than that used for re-

injection (Frankiewicz ef al. 1998).

In the U.S most offshore produced water is discharged under the authority of
general permits issued by EPA regional offices. These permits are part of the
National Pollutant Discharge Elimination System (NPDES) program (Veil et al.
2004)
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According to the total amount of waste water allowed to be discharged from
each platform, each national authority should set limits these limits include
limits on oil and grease that should be less than 29 mg/l as determined by the
gravimetric analytical method U.S. EPA 1664, toxicity, and other constituents.
This limit should be set for each platform individually for example, in the North
Sea; the limit is in the practice of being decreased from 40 mg/l to 30 mg/l as
determined by solvent extraction and an IR measurement. While in the two
very large growth areas for oil production (including much of South America,
and West Africa), the TOG discharge limits are <20 mg/l. However TOG
measurements reported often do not specify the measurement method
(Frankiewicz et al.1998). Anything above 100ppm must be reported as an oil
spill (Wills et al. 2000).

1.5.3 Some problems associated with produced water:
» Plugging of discarding wells by solid particles and suspended oil droplets

* Plugging of lines, valves, and orifices due to deposition of inorganic scales.

» Corrosion caused by acid gases and electrochemical reactions of the water
with piping and vessel walls.

» Exceeding permitted discharged oil concentrations.

» Growth of bacteria that plug lines and valves or result in the formation of

detrimental products (Produced Water Facts).



1.6 Produced water management and treatment

1.6.1 Produced water management

Options for reclaiming produced water for beneficial use and/or disposal are
required. There are several options for managing produced water some of

them are as follows:

1.6.1.1 Minimising the amount of produced water that reaches the

surface

This includes techniques that allow oil to enter the well bore while blocking
water flow (like mechanical blocking devices or water shut-off chemicals) and
devices that collect and separate produced water either down a hole or at the
sea floor (e.g. downhole oil/water separators dual-completion wells, and sub

sea separators) (Veil ef al. 1999).

1.6.1.2 Recycling and reuse of produce water.
The options of reuse and recycling includes underground injection to

encourage additional oil production, agricultural beneficial uses for irrigation,
livestock or wildlife watering and habitat, and various industrial uses (e.g. dust
control, vehicle washing, power plant make-up, fire control and also aquifer
recharge (Veil et al. 2004).

1.6.1.3 Disposal of produced water.
This option is usually used, when the previous two options cannot be used. It

includes evaporation by portable misting towers. Atrtificially constructed
wetlands can be used to treat produced water (Myers 2000), along with land
application, surface discharge through the National Pollution Discharge
Elimination System (NPDES) permit program. All of these options require

compliance with water quality criteria. In many cases the poor performance of
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these options requires water quality enhancement. The factors that lead to

poor produced water quality indicated by Frankiewicz ef al. (1998) are:
- Presence of inorganic or organic solids,

- Excessive or highly varying fluid flow rates,

- Gas breakout or slugging in or into process equipment, and

- Improper chemical treatment programs.

In order to comply with water quality directives expensive economic

information is required for produced water management.
1.6.2 Produced water treatment

1.6.2.1 Basis of technologies verified to treat produced water

Before produced water can be treated, it must be pretreated and several pre-
treatment methods were reported by (Lee ef al. 2002). For instance at Sandia
National Laboratories and the Petroleum Recovery Research Centre at New
Mexico Tech many pre-treatment methods are used, such as, chemical
treatment (e.g. flocculation, disinfection and filtration) (Veil et al. 2004),
biological treatment, polymeric absorbents, and macro-porous polymer
extraction (Lee et al. 2002).

In addition treatment of produced water includes heat treatment, gravity
separation, aeration and settling ponds also physical methods(Rabalais ef al.
1991), such as pressure —driven processes , microfiltration(MF), ultrafiltration
(UF), nano-filtration (NF) and reverse osmosis membrane separation (RO)
(Vieira et al. 2001). Technologies which use the reverse osmosis (RO)
process to treat produced water can be divided into two fundamental groups,
first pre-treatment and then second, the use of reverse osmosis (Hayes and
Arthur 2004). Furthermore reverse osmosis and forced evaporation are the

methods of desalination of produced water. However, desalination by strained
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evaporation is the most costly treatment process it is used only on waters
with extremely high TDS concentrations and is also supposed to be the
treatment plan for the brines generated during RO treatment (Hackney and
Wiesner 1996). Since the 1950s water has been purified by using constructed
wetlands (CW) (Jos ef al. 1999).These are constructed to manage process
wastewater and storm water at a range of installations, with refineries, oil and
gas wells, and pumping stations all using CWs (Harris et al. 1999; Knight et al.
1999). Constructed wetlands have been used in the treatment of produced
water, and this is reported to be a significant method for the improvement of
water quality Jackson and Myers (2003) in a study at the Rocky Mountain
Oilfield Testing Centre. They discovered that wetland functions were similar

to those discovered in natural wetlands (Veil et al. 2004).

1.6.2.1.1 Types of filtration devices

Tyrie (1998) indicated that there are several types of filtration devices used
for produced water treatment, for instance some operators utilize media filters
that are backwashed periodically such as filters filled with crushed walnut
shells (Kozar 2000). Another type of media filter explained by Brock ef al.
(2003) that features radial flow design to let on-line cleaning of the media
without having to stop for backwashing. Nicolaisen and Lien (2003) give a
summary of membrane filter applications and suggested that the membranes
size range is are suitable for offshore produced water in the ultrafiltration,
while membranes in nano-filtration and reverse osmosis can be deployed
downstream of the ultra filtration filters, if needed because of having smaller
pore size. In addition Jahnsen and Vik (2003) report on a North Sea compact
flotation unit that combines separation, gas flotation, and centrifugal

separation in the same device (Veil ef al. 2004).
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1.6.2.2 Contaminants removed from produced water

The most attention in offshore produced water treatment technology is
focused on removing oil and grease (Veil et al. 2004), but also treatment is
required to focus on reducing TDS, concentrations of benzene, brine volumes
and biochemical oxygen demand BOD which rise from soluble organics. Itis
also a requirement to manage suspended solids, total and fecal coli forms in
the final effluent stream, to eliminate special constituents of concern, such as
boron, that restrict an end use (such as irrigation). Furthermore to avoid
clayey soil damage the sodium absorption ratio (SAR) must be adjusted to
less than 6 (Javier ef al. 2008)

Frankiewicz et al. (1998) reported that the treatment equipment selected

depends on the size of the particles that need to be removed

Equipment, such as, electrostatic precipitators, plate separators, gas flotation
units, centrifuges, hydrocyclones, filter membranes and skim piles are used
to get as much oil as possible out of the water, but the main part of the
process is still gravity treatment (American Petroleum Institute (API) 1987).
The cleanliness of water to be injected relies on the character of the reservoir
that will receive the water, for example reservoirs that are fractured and of
carbonate do not need water quality; 2 — 5 micron range removal of solids
may be required for sandstone or other low permeability formations
(Frankiewicz ef al. 1998 ).

Small amount of hydrocarbons and other organic chemical, dissolved salt and
metals are found in the treated produced water disposal to the ocean in U.S.
(Neff 2002).

1.6.2.2.1 QOil

Residual amounts of oil can contribute to plugging of formations receiving the
injection and besides represent lost profit for producers (Veil ef al. 2004). A

series of treatment chemicals is added to break emulsions or make dissolved
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oil more open to to oil removal treatment. The "Apre-coalescer" device
proposed by Tulloch (2003) consists of a bundle of oleophilic fibres positioned
inside of a flow line as the fibres provided to aggregate small oil droplets for
easier downstream elimination. As this technology joining or coalescing small
oil droplets into larger ones that are more amenable to removal. it was
considered that the dissolved oil components may go beyond the dispersed
phase. An alternative technology to deal with this problem is solvent sublation
which is an adsorptive bubble separation (Valsaraj ef al.1991a; Valsaraj et al.
1991b; Valsaraj ef al. 1991c; Valsaraj ef al. 1992). This method depends on
physical processes coupled with the interactions of contaminants with small
bubbles rising through the liquid column to effect the separation (Thoma ef
al.1999).

1.6.2.2.2 TDS

One of the major objectives to removal of total dissolved solids (TDS) from
the produced water and for the reduction of brines requiring final disposal is
that it involves some degree of demineralization. In order to make the water
suitable for higher use (Hayes and Arthur 2004), Reverse osmosis can be
used to remove high TDS from produced water (Sirivedhin 2004).

1.6.2.2.3 Organic compounds

Organic compounds are removed to meet biochemical oxygen demand
requirements for surface discharge (pursuant to compliance with NPDES
compound permits) since the BOD arises from soluble organics (Hayes and
Arthur 2004). Several techniques are used for the removal of organic
compounds from produced water, such as, electrofocculation, adsorption

bioreactors, wetlands, ultrafilltration, nano-filtration and reverse osmosis
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(Sirivedhin 2004).  Furthermore, dissolved organics from offshore produced
water can be removed by using fluid extraction, such as, Macro Porous
Polymer Extraction (MPPE), it uses polymer particles with a low-pressure
steam (Meijer and Kuijvenhoven, 2002). Volatile organic compounds can be
reliably removed by packed tower aeration (PTA) or air stripping ( Hackney
and Wiesner 1996), while soluble volatile acids are controlled by the fouling
of membrane-based desalinization processes at elevated levels (Hayes and
Arthur 2004).

1.6.2.2.4 Suspended solids

A general rule of thumb for solids control is that all particulate matter bigger
than one-third the average pore-throat size of the receiving formation should
be removed (Reynolds and Kiker 2003).

Solids are usually treated by gravity settling or filtration such as walnut shell
filtration, fiber ball media filtration, gravity-type cross flow pack separation,
ceramic cross flow microfiltration and ultra-filtration (Cakmakce et al. 2008).
For example, in some streams in coal bed natural gas (CBNG areas)
suspended solids do not need treatment to achieve water quality objectives
(Hayes and Arthur 2004). Suspended solids removed with enhanced filtration
process, after that the performance and competence of the RO equipment
maximize by treating chemicals finally the total dissolved solids with reverse
osmosis (Hayes and Arthur 2004).

1.6.2.2.5 Treatment chemicals

A large variety of chemical types are used in the treatment of produced water.
This can make analysis difficult (Tibbetts ef al. 1992).
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1.6.2.3 lllustration of techniques exploit in treatment of produced water

Cakmakce et al. (2008) studied desalination of produced water from oil
production fields in Traky by membrane processes. They tested the pre-
treatment alternatives of reverse osmosis and non-filtration membranes high
permeate flux. Best effluent water quality is determined in different
combinations to get best pre-treatment combination. They found that primary
sedimentation + oil/water separator + DAF system + 1 uym ceramic or metallic
cartridge filter + 0.2 ym ceramic or metallic filters gave the best pre-treatment
option by means of permeate flux and water quality before RO membrane.
Additionally Grini, ef al. (2002) studied produced water to choose the best
treatment technologies based on environmental impact. They described four
new treatment technologies which are suitable for different produced water

compositions the four technologies are :

PECT-F (Performance enhancing coalescence technology) for

enhanced removal of dispersed oil.

o MPPE (Macro porous polymer extraction) technology for removal of
volatile aromatics.

o C Tour technology for the removal of heavy aromatics and alkylated
phenols.

o Farmhouse C100 injection system for H,S scavenger.

Environmental Impact Factor (EIF) is calculated before and after applying the
technology to show the reduced environmental impact obtained. Knowledge
is needed about which compounds contribute to the environmental impact of
produced water before deciding which technology can be used. Technologies

must then be selected according to their range of application.
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Su et al. (2007) used the biological aerated filter (BAF) to treat oil-field
produced water. Their results show that 76.3 % to 80.3 % of oil, 31.69 to1-
57.9 % of COD, 86.3 % to 96.3 % of BOD and 76.4 % to 82.7% of suspended

solids were removed efficiently.

Dissolved salts and other contaminants are found throughout the world from
industrial waste waters and undrinkable brackish waters. These can be 100%
removed practically by the AltelaRain™ System but this typically needs more
physical space to treat a given volume of water than comparable reverse
osmosis systems. Total dissolved solids were reduced from 41,700 mg/l to
106 mg/l. Chloride was reduced from 25,300 mg/l to 59 mg/l. Similarly,
benzene levels were reduced from 450 ug/l to non-detectable by AltelaRain™
technology (GODSHALL 2006).

Ji et al. (2007), studied surface flow constructed wetland for heavy oil
-produced water from China’ Liaohe Oilfield treatment for three years. The
results demonstrated that SFCW could remove large amounts of COD
contained in produced water even though the effluent quality of the system
could be operated for a long time and stayed constant. Also the results show
that reed could be a feasible wetland plant for treating heavy oil-produced
water .

Hongzhu and Wang (2006) confirmed that the catalytic electrochemical
system is an effective method to treat oil field produced water, as both
chemical oxygen demand (COD) and biochemical oxygen demand (BOD)
were reduced by over 90% in 6 min, suspended solids (SS) by 99%, ca*
content by 22%, corrosion rate by 98% and bacteria (sulfate reducing
bacteria (SRB), saprophytic bacteria (TGB) and iron bacteria) by 99% in 3
min under 15 V/120.
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1.7 Literature review

1.7.1 Previous studies on the composition of produced water:

1.7.1.1 Oil in produced water

A number of studies have been carried out on the chemical characterisation
of produced water from fields in the North Sea (Tibbetts et al. 1992;
Brendehaug ef al. 1992 ; Roe ef al. 1996), the Gulf of Mexico (Rabalais ef al.
1991;Brown et al. 1992; Neff et al. 1992), and the coast of Canada (Carey et
al. 1992).These studies concentrate on determining hydrocarbons in water
including oil. In fact oil in produced water can be found in two phases

dispersed or dissolved (Stephenson 1992).

Hongzhu and Wang (2006) give a summary of the current practice for the
analysis and monitoring of oil in produced water in the North Sea. Different
approaches have been espoused by different countries, and reference
methods based on solvent extraction followed by an infrared (IR)
quantification show that using a mixture of detected scattered and transmitfed
radiation is practical for the determination of salinity and type of salt in water.
They recommended that the measurement geometry and algorithms for data
analysis are indispensable. Rge Utvik (1999) examined chemicals contained
in produced water from four offshore oil production platforms in the North Sea
(Oseberg Feltsenter, Oseberg C, Brage and Troll B). They determined PAH
and phenols by gas chromatography-mass spectrometry, organic acids by
isotachophoresis, metals by atomic absorption spectrometry and also
radioactivity by high resolution gamma spectroscopy. These data were
compared with database values from other fields in the Norwegian sector of
the North Sea, and it was noted that the concentrations of the NPDs CI-C3
alkyl homologues, and alkylated phenols declined with an increase in
alkylation of the components for all fields. Also there is no correlation with the

content of THC, which is used as emission standard for environmental
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regulation. They recommended that individual detailed chemical
characterization of produced water from each platform is essential to predict
the fate and effects of the discharges of produced water to the marine

environment.

An approved method EPA 413.1 under the National Pollution Discharge
Elimination System (NPDES) was used to determine residue weight of oil and
grease gravimetrically. This method gives good results as 80% of oil and
grease residue weight can be detected to water soluble, polar components in
the Freon extract (Brown et al. 1988).

The Oil Industry applied Standard method 5520 °F which describes how to
separate non hydrocarbons from hydrocarbons using (GC/MS). For example,
it removes the major water soluble polar compounds from the Freon extract to
about 79 to 98 % (Brown ef al. 1992) which the major component was
carbon, hydrogen and Oxygen, but less than 2% of nitrogen and sulfur
accruing (APHA-AWWA-WPCF 1989, Jackson ef al 1981).

Several studies have concentrated on examining the dissolved phase; for
instance, dissolved aliphatic hydrocarbons have been studied by (Ooc,1975;
Lysyj 1981; Ooc,1982; Burns and Roe Industrial Services 1983; Middledditch
1983; Caudle and Stephenson 1988; Brown ef al 1990) in paraffin oils in the
ranges of 606 to 2.7 mg/l .

U.S. patent no 3,581,002 suggests that hydrocarbons in water have been
determined by a fluorescent method, the existence and concentration of
hydrocarbon in water in low quantities of 1 ppm or greater was not easily and
accurately detectable using present commercial Methods (Morrow ef al.
1995).
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1.7.1.2 Aromatics BTEX and PAHSs in produced water

There is further interest in the development of particular analytical procedures
to determine aromatic hydrocarbons in water samples (Zhang et al 1993).
This is because of the toxicological properties of benzene. The dissolved
hydrocarbons are dominated by the volatile aromatic fraction of the oil,
normally benzene, toluene, ethyl benzene and xylene (BTEX) (Tibbetts ef al.
1992; Brendehaug ef al. 1992; Rabalais 1991).

Currently, several novel techniques have been developed for the analysis of
BTEX and other volatile compounds in water samples such as purge-and-trap
(PT) (Drozd and Novak 1979; Nunez et al. 1984), membrane extraction (Yang
et al. 1994), solid-phase micro extraction (SPME) (Colombini et al. 2004,
Criado et al. 2004; Zhang ef al. 1993).and single-drop micro extraction (Sung
and Huang 2005; Kaykhaii ef al. 2005; Dong ef al. 2005). Neff (1988)
reported that the levels of polynuclear aromatic compounds in produced
water were low and below toxic levels and that the smallest hydrocarbons
component can be identified (Rabalais 1991), but that the higher molecular
weight PAH are less water soluble (Veil ef al. 2004).

The concentration of the 16 EPA PAHs can vary from 0.7 to 100 mg/l in
produced water (Hawboldt and Adams 2005). Callaghan and Baumgartner
(1990) notify that the largest quantities of aromatic compounds found were
from gas condensate platforms in the North Sea. Studies which took place in
Gulf of Mexico (GOM) showed that each produced water gives different result
for soluble polynuclear aromatic compounds (Ooc 1982).

Volatile aromatic compounds were detected at significantly higher
concentrations e.g.naphthalene, phenanthrene and dibenzothiophene (NPD)
and their C1-C3 alkyl homologues, while higher molecular weight were
present as chrysene and benzo(a)pyrene (Tibbetts ef al. 1992; Roe ef al.
1996; Rabalais 1991; Brown ef al. 1992; Neff et al. 1992; Carey et al. 1992).
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A rapid environment field monitoring tool was investigated for analysis of
BTEX in water samples using portable GC-FID combined with HS-SPME. It
is can be a considerable and efficient tool to examine BTEX in water samples.
A preliminary evaluation of the levels of BTEX, in produced water from
Guoyao, Shanghai, China has been carried out by portable GC—micro-FID
(HS-SPME). Using the SPME technique the total analysis time was about 3
min as the extraction and concentration of BTEX from water needed only 1
min. Analysis time by portable GC was less than 2 min so it is a is a fast,
easy and efficient tool for field analysis of BTEX in water samples (JI et al.
2006). On the other hand an investigation by the Alberta Research Council in
1996 identified up to 300 mg/m? for the 16 EPA PAHSs in the emissions from
the flared produced gas (Hawboldt and Adams 2005).

1.7.1.3 Acids (fatty acids) in produced water

Particular attention has focused on the acid fraction of the soluble oil in
produced water (Stephenson 1992), The organic acids present are reported
to be dominated by C1-C6 acids. (Tibbetts ef al. 1992; Brendehaug ef al.
1992). Brown et al. (1990) confirmed that the fatty acids in produced water
occur naturally in sea water sediment arising from aquatic life, and it reported
them present as sodium salts of the acids (primarily acetate sand and
propionates) (Somerville 1987; Kharaka et al. 1986). High concentrations of
simple fatty acids often exist in water produced of paraffinic oils. In contrast
water from asphaltenic oils have notable amount of naphthalic acids
(Stephenson 1992). The extraction of organic material from acidified
produced water was done by a Freon method which is specific for the soluble
organic constituents of produced water. Only small amounts of low molecular
weight fatty acids were found in such extracts in early studies using gas
chromatography as the acid-extractable compounds are very water soluble.
This method is used due to the great variation in the weight of the Freon

extract which depends on whether or not the water was acidified before
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analysis. (Stephenson1992). A study sponsored by the U.S. Department of
Energy at Oak Ridge National Laboratory (ORNL) with Shell, Chevron,
Phillips, and Statoil aimed to look at ways to manage water-soluble organics
in produced water and to reduce the future production of such contaminants
(Debra et al. 2002).

McFarlane, et al. (2002) characterized the actual (GOM) crude oil at high
pressures in contact with produced waters and produced data to generate a
predictive model for water-soluble organic content in produced waters arising
from oil at high pressures which had become contaminated with water soluble
organic compounds. They used a variety of analytical techniques; open
column liquid chromatography was used to separate the water-soluble
organic component into aliphatic, aromatic and polar fractions. Because of
losses during analysis leading to a large uncertainty in the concentration data
It appears unlikely that the open-column fractionation method can be used for
regulatory purposes; however, only pH showed a significant effect on organic
solubility in the brine. The trend of an increase in solubility with increasing pH
was reproduced with a model of two-phase liquid thermodynamic equilibrium.
High salinity produced water containing refractory organic pollutants was
examined by Guiying ef al (2006) using photoelectrocatalysis. The efficiency
of photoelectrocatalysis decontamination of produced water was studied by
both COD removal from the tested wastewater and the decrease of
mutagenic activity. The results reported that the photoelectrocatalysis is
slightly efficient even though the salt concentration is high. The removal
efficiencies of COD when the raw produced wastewater was diluted in a 1:1
(v/v) ratio was much higher than that by photocatalytic or electrochemical

oxidation individually in the photoelectrocatalytic reactor.

1.7.1.4 Phenols in produced water

The level of phenolic compounds in all oil produced water types was

considerable and varied depending on the type of production gas or oil
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(Stephenson 1992). Callaghan and Baumgartner (1990) reported that the
largest quantities of phenols found were from gas condensate platforms in the
North Sea. Jackson ef al. (1981) demonstrated that a low recovery of phenols
in produced water was obtained qualitatively by using the analytical
procedures. Boitsov at el. (2007) provide an overview of the levels of the 52
known alkylphenols in produced water from nine oil installations in the North
and Norwegian Seas. They verified the presence of napthas and other as yet
unidentified compounds in produced water, while thiophenols were not
detected since conventional GC techniques cannot achieve the desired

degree of separation.

As a result of the high concentration of phenolic compounds and their high
solubility in water, produced water was confirmed as being toxic to organisms
(National Research Council 1985; Boesch and Rabalais 1987).
However, the type of phenol and alkyl phenols that exist in produced water
are degraded by bacterial and photo-oxidative processes in seawater and
marine sediments .This was established in an industrial study of the soluble

oil fraction of produced water by Brown et al (1990).

1.7.2 Salinity in produced water

Most of the studies of the salinity of the produced water showed that the
produced water salinity can be higher than that of sea water ranging from 3 to
300 ppt, normal sea water Salinity is 35 ppt (Rittenhouse et al.1969).

The percentage of the Salinity indicated by (Hanor and Workman,1986) was
between 50% and 150% in Louisiana coastal waters of the Gulf of Mexico,
while in the North Slope of Alaska Costal Texas Valley of California, and
Central Mississippi, U.S.A was between 18% to 320% ( Kharaka et al. 1986).
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Holstad and Johansen (2005) characterized all compounds of the produced
water combining level measurement and gamma-rays (¥-rays) measurement.
They studied the possibility of adding some measurements, such as,
conductivity. They demonstrated that the salinity and type of salt in water are
appropriate by a combination of detected scattered and transmitted radiation.
They recommended that the measurement geometry and algorithms for data

analysis are indispensable.

1.7.3 Heavy metals in produced water

Investigations of the levels of heavy metals in produced water have been
made by both industry and government (Ooc, 1975, Jackson ef al. 1979,
Lysyj, 1981, Ooc 1982, Burns and Roe Industrial Services, 1983, Neff ef al.
1988, SAIC 1991). The metal contents found vary widely. In Shell and NAM
platforms the quantity of all metals found was very low, but variation was
found when comparing fresh - condensed - water with salty formation water
(Jacobs et al. 1993).

Heavy metals analysis has been dominated by barium and iron (Tibbetts ef al.
1992; Neff et al. 1992). Most studies have found that the concentration of
heavy metals in produced water is higher than metals occurring naturally in
seawater (Stephenson 1992), for example heavy metals in the North Sea
were value 1000 higher than of injected seawater (Jacobs ef al.1993).
However produced water has not been shown to have any adverse effect if it
is discharged to the marine environment (Stephenson 1992), The samples
studied in a majority of experiments contained in highest concentrations Ba, V,
Ni, Zn, Cu, Cr, Cd, Hg and Pb (Rabalais 1991). For instance McCourt and
peers (1988) reported that the measured alkali metals (Na, K and Li) and
alkaline earth metals (Ba, Mg, Ca and Sr) in all cases applied higher

concentrations, but the calcium concentration was much higher than
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magnesium compared to seawater. Boron, strontium and barium were found
at appreciable quantities in all samples. In comparison in the samples with
less or no breakthrough of seawater primarily barium content was much lower
than Samples from oil platform" water cut" (the ratio of water produced
compared to the volume of total liquids produced), as a result of precipitation
of barium sulfate scale following contact with seawater.

Samples from the GOM show the arsenic and barium levels at the highest
reported concentrations. Seven platforms were analysed, while samples of
produced water from the Norwegian sector of the North Sea have been
reported to contain mercury and nickel (Neff 2002). Battelle (1994) and
Frankiewicz et al. (1998) reported that 1.4 to 234 ug/l of mercury was found in
the Gulf of Thailand from gas platforms. But the only metals present in
produced water from two platforms from Louisiana U.S.A were barium, lead
and zinc (Neff et al 1989, 1992).

1.7.4 Treatment chemicals in produced water

Treatment chemicals are used in the oil production as mentioned previously
to treat or prevent operational problems. Production treatment chemicals
include scale inhibitions. corrosion inhibitions, biocides, emulsions, gas
processing chemicals, stimulation and work over chemicals (Stephenson
1992).

A sublimation method has been developed and combined with fast atom
bombardment mass spectrometry (FABMS) to study surface active
compounds from water (Wickbold 1966; Levsen af el. 1984; Righton and
Watts 1986).This method was used to analyse produced waters in the
platforms Murchison (block 211/19) and Hutton TLP (block 211/28) in the
North Sea. The concentrated extract was analyzed by FABMS and the water
spiked with demulsifier 1, scale inhibitors 1 and 2 and biocide was sublated.
The technique resulted in a 500-fold reduction in the detection limit of the

biocide to a more useful 10g/l, even in the presence of 20 mg/l of crude oil,
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but the demulsifier and scale inhibitors remained undetected. In a follow up
paper tetrapentyl ammonium bromide (TPAB) was used as an internal

standard on this procedure to analyse produced water (Tibbetts ef al. 1992).

McCormack et al. (2001) examined oilfield produced waters and production
chemicals by electrospray ionisation multi-stage mass spectrometry (ESI-
MS"). This study employed both positive and negative ion detection for the
detection and characterisation of a wide range of polar and charged
molecules with considerable effect. This technique was able to identify polar
chemicals, such as, demulsifiers, corrosion inhibitors and biocides and
identify them as imidazolines, alkylbenzene sulfonates, quaternary
ammonium compounds (Quats) and ethoxylates, some observed for the first
time in oilfield chemicals (OCs) and produced water. The operational use and
the environmental fate of a range of OCs in oil production chemicals and
produced water was confirmed by using the ESI-MS” method coupling to

liquid chromatography.

1.7.5 Radionuclides in produced water

Radionuclides in oil field production are referred to as naturally occurring
radioactive material or NORM (Stephenson 1992). Stephenson (1990)
indicated that until recently there have been a lot of studies considering the
existence of radionuclides in produced water relying on the geological

formation of where the water is produced.

This is illustrated by radionuclides studies carried out in Oklahoma, the Texas
panhandle, and the GOM Coastal area studied ?°Ra levels ranged from 0.1
to pCi/l and ?*®Ra levels from 8.3 to 1.507 pCi/l (Stephenson 1992). Only the
concentration of uranium was determined from the effluents discharged from
Shell Expro. It was below the detection limit (Jacobs ef al. 1993).
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1.7.6 Previous studies on the discharging of produced water

The effluents from the two Shell Epro and Nederlandse Aardolie
Maatschappij B.V. (NAM) platforms discharged 465 tonnes dispersed oil, 251
tonnes dissolved hydrocarbons and 3909 tonnes other organics to give a total
of 4625 tonnes. The relative input of polar compounds was 84% and 70 to
94 % of the soluble organic acids was acetic acid in 1989 (Jacobs et al.1993).
Otto (1990) reported that in 1989 a study conducted by the offshore operates
committee from 42 platforms in the GOM to assess the average amount of oil
discharged into the environment. The study showed that 419 metric tons of oil
was discharged, while in the same year in North Sea 4119 metric tons of oll
discharged from 89 oil production platforms, that means an average of 46.3
metric tons per platform compared with 10.0 metric tons per platform in the
GOM (Oil Industry Exploration and Production Forum 1990).

Several studies have characterized the chemical compositions of produced
water all over the world, but there are very little data in the literature regarding
the chemical compositions of produced water in oilfields in Libya. Libya has a
large number of oil and gas fields, and produces enormous quantities of oil
which are co-produced with produced water. Al Hamada oilfield is one of
these fields (location 29° 30 86.9'N, 12° 57 61.0" E). It is owned by the
Arabian Gulf Company for Oil Production which is one of the Libyan national
companies operating under the National Oil Corporation (NOC) of Libya. The
oil production was started in 1981-82, at a rate about 27000 — 30000 barrel /
day. In the face of that little work has been done on this field therefore, the
purpose of this thesis is to carry out a study of the chemical composition of
both organic and inorganic of produced water samples from Al- Hamada
oilfield. Likewise, the thesis will investigate and analyse arrange of possible
environmental pollutants, which make it necessary to propose possible
remediation strategies in order to achieve safe surface disposal.
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The study will provide an opportunity to play a key role in understanding any
correlation between the concentrations of the certain compounds and lead to
comprehensive estimation of chemical composition of produced water, and
furthermore anticipate the fate and effects of the discharges of produced

water to the environmental.
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Chapter

Physical and Chemical Properties of

Produced Water



2- Physical and chemical properties of produced water

Produced water is variable and can be very different from well to well. Iis
characteristics from oil and gas fields can also be very variable (Rge utvik
1999; Li et al. 2006; Cakmakce et al. 2008). Specifically the physiochemical
composition of produced water can vary greatly (Li et al. 2006; Kevin and
Juniel 2003) and it mainly depends on geographical location, geological
formation and the type of hydrocarbons of the field and may differ from one
place to another (Veil ef al. 2004). Due to this, the salinity and the
composition of the produced water may change in similar terms. This change
leads to change of the density and conductivity and thereby systems based
on detection of density or electrical impedance introduce drift in measurement
results (Holstad and Johansen 2005).

2.1 Physical properties of the produced water

2.1.1 pH

pH value might be an important parameter and is the measure of hydrogen
ion concentration (H") of a substance, The range of the pH in the majority of
natural 'uncontaminated waters is between pH 6 and 9 (ASTM D 1293-99),
despite that - the acidity or alkalinity can be determined at any pH of interest
(ASTM D 1067-06).

Indeed reduced pH can affect the oil/water separation process and can
impact on receiving waters when discharged (ASTM D 1293-99).

2.1.2- Salinity

Salinity is of major concern in onshore operations. Salinity refers to the
amount of total dissolved salts (TDS) in the water. This is in reality primarily
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due to dissolved sodium and chloride ions along with lower levels of Ca®',
Mg®‘and K" (Neff 2002). Due to the high cost of the TDS analysis, it is
frequently measured by electrical conductivity EC, because ions dissolved in
water conduct electricity (Veil ef al. 2004). In fact a variety of chemicals in
produced water comprises inorganic salts similar to that found in sea water
which makes the ocean salty (Neff 2002).The salinity and type of salt in the
produced water can be determined (Holstad and Johansen 2005). Salinity
concentrations can vary from very low parts per thousand (ppt) to saturation
brine, from 3 to 300 ppt (Rittenhouse ef al. 1969).

2.1.2.1 Total Dissolved Solids (TDS)

Total dissolved salts are the major constituents in produced water and the
majority of these salts consist of sodium chloride. The ionic composition of
these waters varies. Sodium, calcium, magnesium and potassium listed in
generally decreasing concentrations are the major cations in it. However,
some basins tend to have much lower median values of TDS, which is
measured in parts per million or (mg/l), and the concentrations range from
less than 100 ppm to over 300,000 ppm (Fillo ef al. 1992). For example the
levels of total dissolved solids in CBM areas are less than 20,000 (mg/l)
(Hayes and Arthur 2004). Waters with higher TDS concentrations will be
relatively conductive. Irrigation waters that are high in TDS can reduce the
availability of water for plant use and also reduce the ability of plant roots to
incorporate water, and reduce crop yield (Veil ef al. 2004).

2.1.2.2 Electrical conductivity (EC)

The conductivity value is the measure of the level of soluble salts that

adversely affect the growth of wide range of common agriculture plants
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(Richards 1954). EC is measured in micro-Siemens per centimetre (microS
/lcm) (Veil et al. 2004). EC levels of more than 3,000 microS/cm are
considered saline (All 2003). The conductivity that exceeds 3,500 microS\cm
in produced water could be toxic to some of the invertebrate (ceriodaphs)
(Fucik 1992).

2.1.3 Chemical oxygen demand (COD)

Chemical oxygen demand is one of the most standard water chemistry tests.
The dissolved or soluble refractory organic pollutants that contribute to the
high chemical oxygen demand (COD) of the water are difficult to treat (Li ef al.
2006).

In recent years, a great deal of effort has been devoted to the development of
rapid, sensitive and environment friendly methods for the determination of
COD (Li et al. 2006).The COD in oilfield wastewater is usually still high (Lu et
al. 2006).This indicates that the produced water contains numerous dissolved
organic pollutants (Li et al. 2006).The identification of components that
contribute to COD is very important in assessing the efficiency of the

wastewater treatment process and removal technology (Lu ef al. 2006).

Produced water from offshore oil wells contains various type of salts, and
typical contents of ions for formation water and seawater are as listed in
Table 4 (Holstad and Johansen 2005).

2.2 Chemical properties of produced water

2.2.1 Cations and anions

The cations in produced water are atoms or molecules that have gained a

positive charge like  H*, Na*, K", Ca®*, Mg?*, Fe**, and Fe*. The primary
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components of water hardness which can cause pipe or tube scaling are
calcium and magnesium salts which frequently cause failures and loss of
process efficiency due to clogging or loss of heat transfer. Other salts are
present in trace amounts (ASTM D 1126-02).

Sodium salts are very soluble in water and if the ratio of sodium to calcium is
high, it will be harmful to soil structure (ASTM D 4191-79).The use of sodium
salts is common in industry; therefore, many industrial wastewaters contain
significant quantities of sodium. For high-pressure boiler feed-water even

trace amounts of sodium are of concern.

In contrast an anion is an atom or molecule that has a negative charge.
Anions are abundant in seawater and hard water like OH", CI', S, HCO3
, CO3% and SO42.

The amount of the chloride ion present in produced water must be measured
accurately as its concentration is regulated (ASTM-D512-89). The
concentration of sulfate in produced water is highly variable and is lower than
that of the seawater (Neff 2002).

The water molecule, like a magnet, is polar and has positive and negative
ends. Water molecules can reduce the attraction between the cation and

anion. This is what happens to table salt, NaCl, in water.
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Figure 2.1 NaCl salt in water

2.2.2 Sodium adsorption ratio (SAR).

Sodium adsorption ratio (SAR) is a measure of the relative proportion of
sodium cations to other cations in total dissolved solids. SAR is the standard
measure of sodicity. Also it is a parameter used for determining the suitability
of water for irrigation purposes. High sodicity affects soil, the higher the SAR,
the greater the potential for reduced permeability, which reduces infiltration,
reduces hydraulic conductivity, and causes surface crusting. Irrigation waters
with SAR levels greater than 12 are considered sodic (All 2003).SAR is a
calculated parameter that relates the concentration of sodium to the sum of

the concentrations of calcium and magnesium.
The SAR is calculated using the following formula:

SAR = Na*

\/ Ca** + Mg

2
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The values for sodium (Na*), calcium (Ca®"), and magnesium (Mg?*) in this
equation are expressed in units of milli-equivalents per litter (meg/l). Most
monitoring data will typically be reported in terms of (mg/l), which must be
converted.

The conversions are:

meq/l = Equivalent weight in mg / meq

Concentration inmg /|
Charge:
Na* = 23.0 mg/meq (atomic weight of 23, charge of 1)
Ca*" = 20.0 mg/meq (atomic weight of 40.078, charge of 2)

Mg?* = 12.15 mg/meq (atomic weight of 24.3, charge of 2)

2.2.3 Suspended solids

Dissolved or suspended solids, produced solids such as sand or silt, and
recently injected fluids and additives that may have been placed in the
formation as a result of exploration and production activities are also

important in produced water (GodshalL 2006).

Filterable and non-filterable solids are important in the treatment of both raw
and waste water, and in the monitoring of streams. Waste solids impose a
suspended and settleable residue in receiving waters, that provide a matrix
for some biological substances and, in sufficient quantity, damage respiration
of organisms (ASTM D 5907-96). In order to illustrate these properties of
produced water data for ions in the Vakeflar and Devecatagi well are shown

in Table 2.1 and in oil field brines and seawater in table Table 2.2.
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Table 2.1 Properties of ions in raw produced water of the Vakeflar and
Devecatagi well (Cakmakce et al. 2008).

Vakflar Devecatagi Standard
1l June June | July | Valuesin
Parameters (mg/l) | June 20 Oy6 2005 2005 | 2006 | TWPCR for
2005 ITU Unmixed | Settled | ITU pfatroleum
sample | sample industry
BOD 7000 - - - - -
COD 24,500 | 1681 3480 - 588 250
SS 35,830 - 606 132 - 100
NH4 2.4 - 14.5 - - 10
Phenol 10 — 0.59 — - 1
CN~ <0.01 - 0.005 — - 0.5
Oil and grease 1565 - 472 — — 10
Total salinity % - 7.2 8.2 — 713
Free chlorine <0.02 — - - -
pH 7.85 7.8 7.87 - 7.1 6-9
Conductivity — | 188 | 143 ~ | 478
uS/cm
Na* 3165 4480 4096 - 18.9 200
CI - 3199 4004 - 16.7
S04~ 355 — 390 - 1700
Cd <0.15 - 0.001 0.001 - 0.1
Co - - — - -
Cr 1.75 - - - —
Cu 0.98 - 0.01 0.002 - 0.5
Fe 30 - 1.63 0.25 — 8
Ni — - 0.004 0.004 -
Zn 2.22 - 0.001 0.001 | 0.225 0.5
Pb 0.52 - 0.006 0.003 - 0.5
Alkalinity CaCO3 - - - - -
Total sulfate 1.7 - 13.6 - -
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Table 2.2 Typical contents of ions in oil field brines and seawater

(Wright et al 1994; Barlow 2003).

lons Formation water (mg/l) Sea water (mg/l)

Sodium Na* 30730 10500
Potassium K' 710 390
Magnesium Mg* 470 1350
Chloride CI 59640 19000
Calcium  Ca* 5300 410
Barium Ba** 420 <1
Strontium  Sr* 840 8

Sulfate so* 4 2700
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2.3 Sampling

The produced water samples used in this study were collected from the AL-
Hamada oilfield in the Libyan Arab desert (Figure 2.2)

The samples were taken from four points:
S1 - Main stream
S2 - Main storage tank of crude oil
S3 - Separator
S4 - The pit of produced water disposal
Photographs of sampling points S1 to S4 are shown in Appendix B

The methods of collection and sample size were chosen to ensure that the
samples obtained are representative of the environment from which it they
have been taken. They were taken in a way to avoid introduction of bias

systematic or non-systematic errors and stored at 4 °C in darkness until used.
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2.4.2.2 Salinity

The salinity was calculated as NaCl (mg/l) (Cations + Anions)

Table 2.3 Conversion factors for calculating salinity

lon Factor of conversion Equivalent salinity ppm
Calcium Ca** 0.95 Equivalent NaCl
Magnesium  Mg* 2.00 Equivalent NaCl
Sodium Na* 1.00 Equivalent NaCl
Bicarbonate  HCOs’ 0.27 Equivalent NaCl
Carbonate ~ COs” 1.26 Equivalent NaCl
Chloride cr 1.00 Equivalent NaCl
Sulfate SO~ 0.50 Equivalent NaCl

The summation of all the converted ions into the equivalent amount of sodium

chloride gives the total equivalent salinity, NaCl, concentration.

2.4.2.2.1 Total Dissolved Solids (TDS) measurement

TDS are dissolved substances which remain after evaporation of the water, at

fixed temperature which is usually 180°C, and that passed through a standard

glass filter.

The chemical composition of the water has a marked effect on the TDS

obtained.
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2.4.2.2.1.1 Method used
TDS was measured according to ASTM D 5907-96 a

2.4.2.2.1.2 Procedure

A 0.45-um filter was inserted in the membrane filter assembly, and then the
vacuum was applied .The disc was washed three times with 90 ml of de-
ionized water. 100 ml of the sample was filtered slowly and washed with 20 to
60 ml of de-ionized water and complete drying between washings was
allowed. The filtrate aliquot was transferred to the 125 ml glass weighed
evaporation dish that heated close up 1 80'C over a water bath and
evaporated until dryness. The evaporation dish was dried for 1 h at 180°C in
the oven, and then allowed to cool down in a desiccator for 30 minutes prior
to weighing. TDS was calculated by weighing as shown below:

PPM (TDS) = (A-B) x 1000

S (volume)
Where A = weight of residue + weight of dish (mg)
B = Weight of dish (mg)

S = Sample Volume (ml)

2.4.2.2.2 Electrical conductivity (EC) measurement

The E.C is a function of temperature where the ionic velocities increase with
the increase of temperature, and consequently the conductivity increase of a
value approximately 2% per degree centigrade .Due to this fact the E.C is

always reported with respect to temperature of 25 °C.
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2.4.2.2.2.1 Instrument and method used

The electrical conductivity was measured by Conduktometer type LF 191.
This was calibrated by using reference standard solution (12880 mS/cm
HANNA Instruments, ltaly) at 25 °C, and was measured according to the
Standard Method D 1125 — 95 (Re-approved 2009).

2.4.2.2.2.2 Procedure

The conductivity cell was rinsed with de-ionized water and filled with
calibration standard. Then the conductivity was read and recorded after which
the cell was rinsed with de-ionized water and filled with the sample. Then the

conductivity was read and recorded.

2,4.2.3 COD Measurement

2.4.2.3.1 Method used

COD was determined using the potassium dichromate following the
procedures described in the standard method ASTM D 1252 — 06 Test
method A

2.4.2.3.2 Reagents used

Reflux apparatus, ferrous ammonium sulfate solution (0.25 N), ferrous
ammonium sulfate solution (0.025 N), phenanthroline ferrous sulfate indicator
solution, potassium acid phthalate solution, standard (1 ml = 1 mg COD) and
potassium dichromate solution, standard (0.025 N). The use of
concentrations in terms of normality (N) is still common in ASTM standard

methods and so will be used here without conversion.
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2.4.2.3.3 Procedure

50.0 ml of the mixed sample was placed in a reflux flask in an ice bath, then 1
g of powdered mercuric sulfate and 5.0 ml of concentrated sulphuric acid was
added. Afterwards, 25.0 ml of 0.25 N standard potassium dichromate solution
and some glass beads were added. Then the mixture was stirred vigorously
below 40°C while 70 ml of sulphuric acid-silver sulfate solution was added.
The mixture in the flask was joined to the condenser which covered by small
beaker and cold water was flowing, then heated for 2 h. The condenser was
washed with 25 ml of water and the flask was diluted to 300 ml with de-
ionized water. After cooling to room temperature, 8 to 10 drops of
phenanthroline ferrous sulfate were added to the solution and titrated with
0.25 N ferrous ammonium solution until the colour was changed from a blue-

green to a reddish hue. A blank was prepared in the same manner.
Calculation

COD is calculated as shown below:

COD, (mg/l) = (A —B) N x 8000)/S

Where:

A = ferrous ammonium sulfate solutions required for titration of the blank (ml)

B = ferrous ammonium sulfate solution required for titration of the sample
(mi)

N =normality of the ferrous ammonium sulfate solution,

S =sample used for the test (ml).
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2.4.3 Chemical properties

2.4.3.1 Cation and anion measurements.

Hardness is expressed as calcium carbonate .This mineral is almost
insoluble in distilled water, but if any water contains carbonate. This
contributes to dissolve the calcium or magnesium carbonate according to the

following reaction
CaCO3+ H,0+CO, Ca(HCO3)2
Mg CO3 + Ho,O+CO,____,  Mg(HCO3),

2.4.3.1.1 Instrument and method used

Cations (Ca**, Mg?,Na*, K*)

Sodium (Na*) and potassium (K") were analyzed by flame emission. (Flame
Photometer corning 400, Corning Medical & Scientific, England UK)

Calcium (Ca®) and magnesium (Mg?) were measured by titration
according to Standard Method ASTM D 511- 93(reapproved 1998).

Total hardness, calcium and magnesium hardness

CaCO;3; (mg/l) was measured by titration with EDTA according to ASTM
Standard Method D 1126 — 02 (Reapproved 2007).

Anions (HCO;", CO3;%, CI', SO4%)

Carbonate (CO;*) /bicarbonate (HCO3;) were measured by titration with
standard acid according to standard Method D 1067 — 06.
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Chloride ion was determined using the silver nitrate titration method
following ASTM D4458 — 09.

Sulfate SO,* was measured using ASTM D 516-68.

2.4.3.1.2 Procedures
Cations (Ca%*, Mg®, Na*, K%)

Calcium Ca?*, magnesium Mg**

As the specific gravity of the sample was between1.000 and 1.025, 25 ml of
filtered sample were pipetted into a 150 ml beaker and the pH was adjusted
to pH 7 and to pH 10 with ammonium hydroxide (NHsOH, sp gr 0.900). While
the sample was stirred, 1 ml of NH,OH-HCI solution (30 g of hydroxylamine
hydrochloride in water to 1000 ml), 1 ml of buffer solution ( the pH range 10.0)
and 2 ml of NaCN solution(25 g of sodium cyanide in water to 1000 ml ) were
added . Then a small amount of K4sFe (CN)s-3H2O and 4 to 5 drops of
Chrome Black T indicator were added. The sample aliquot was titrated with
EDTA solution until the color changed to clear blue and after 5 min the
volume of EDTA solution required to titrate calcium plus magnesium was
recorded. A reagent blank was titrated following the similar steps that have

been followed in respect of calcium plus magnesium.
Calcium Ca*

25 ml of filtered sample was pipetted into 150ml beaker then 1 ml of
NH>OH-HCI and 1 ml of NaOH solution were added and the pH was adjusted
to pH13. After adding 1ml of NaCN and 0.2 g of calcium indicator solution
(fluorescein methylene iminodiacetic acid), the sample aliquot was titrated
with standard EDTA, and the titration continued till the color was changed
from deep green to purple. After 5 min of the titration the end point was
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recorded (volume of EDTA solution required to titrate calcium). A reagent
blank correction was determined following the similar steps to that used to

calcium titrate.

Calculations

Calcium mg/ | = (A xB/D) x40 100
Magnesium mg/ 1 = {(C x B/E) — (A x B/ D)} 24300
Where:

A = (EDTA standard solution required to titrate calcium in the sample) —

(Volume of EDTA consumed in titrating reagent blank correction).
B = Molarity of EDTA standard solution,

C = EDTA standard solution required to titrate ca®* Mg®" in the blank

correction
D =sample taken ml, to measure Ca?

E = sample taken to measure Ca®* and Mg*'

Total hardness as CaCOj; (mg/l)

100 ml of the sample was transferred into 200 ml glass beaker and 1 ml of
buffer solution (NH;OH) was added to adjust the pH of the sample to pH 7
and pH 10. Then 0.4 g of hardness indicator powder was added, after which
the mixture was stirred and titrated with NayH; EDTA solution till the color
changed from red to blue. After 5 min of titration the end point was recorded.

Calculation

Hardness (mg/l) as CaCO3;= 1000 C/S
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Where
C = Volume, ml of NayH; EDTA used for titrating

S = sample Volume, ml

Calcium hardness as CaCO; (mg/l) and magnesium
Hardness as CaCO; (mg!/l)

50 ml of the sample was transferred into 200ml glass beaker then 2ml of
NaOH solution and 0.2 g of calcium indicator were added. Then the mixture
was titrated with NayH, EDTA solution with continues stirring till the color was
changed from red to royal blue and after 5 min from the start of the titration

to the end point was recorded
Calculation
Calcium Hardness (mg/l) as CaCOs= 1000 D/S
Where D = Volume, ml of NaoH, EDTA used for calcium hardness
titrating
S = sample Volume, ml
Magnesium Hardness = (Hardness (mg/l) - Calcium Hardness)

(mg/l) as CaCOs.

Potassium, sodium

A blank and sodium calibration standards containing 5, 10,100 ppm of sodium
were prepared. The emission was deduced using the flame photometer
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starting from highest concentration and working towards the most diluted.
Potassium was measured in the same way with standards 2, 5, 10 ppm of K*;
their concentrations were deduced from the calibration curve of the standard

solutions.

Anions (HCO;", CO;*", SO.%°, CI)
Carbonate CO5%, bicarbonate HCO;

100 ml of the sample was transferred into 300-ml glass beaker at room
temperature and gently titrated to the end point with 0.02 M H,SO, in the
presence of 3 drops of phenolphthalein as an indicator solution (5 g/l) and
stirring was continued while the titration was in progress. The color did not

change which meant that the sample did not contain carbonate.

Bicarbonate was determined by following the same steps in respect of
carbonate. 0.5ml Methyl orange indicator solution was used and the end
point recorded when the colour was changed from pink-yellow to pink-orange.

Calculation CI

meq/l of HCO3™ = B (Volume end point) x N H,SO4X 1000

Sample Volume, mi

meg/l of HCO3™ x MW (61) = ppm

Chloride (mg/l)

The sample was filtered and transferred to 150 ml conical flask and diluted
with 100 ml water. 1 g of sodium bicarbonate was added and stirred and the
pH was adjusted to 6.5 and 8. 0. 1 ml of 5 % chromate indicator was used as
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an indicator while titrating with 0.141 N silver nitrate solution. The titration was
continued until the colour was changed to a permanent orange colour

preceding the brick red colour precipitate.
Calculation

mg Cl/1= ml (AgNO3) used- B x T x 1000

Vol of sample
Where T = titer, mg CI'/ml of ANO3, and

B = indicator blank.

Sulfate SO,*

The sample was filtered through a 0.45-um filter paper. The acidity of 200 ml
of the filtered sample was adjusted to methyl orange end point and 10 ml
excess of 10 % HCI was added. The acidified solution was heated to boiling
and 5 ml of hot BaCl, solution was added while stirring vigorously.

The temperature was kept below boiling until the liquid became clear and the
precipitate was allowed to settle completely for 2h .The suspension of BaS04
was filtered on fine ashes filter paper and the precipitate was washed with hot
water until the washing was free of chlorides as indicated by testing the last
portion of the washing with AgNO3 solution. The filter paper and the contents
were placed in a weighed platinum crucible and charred without flaming. The
residue was ignited at about 800 °C for 1 h, after which few drops of H,SO4
and HF were added and the solution was evaporated in a hood to expel silica
as SiF4 .The residue was ignited at about 800 °C, cooled in a desiccator and
the BaSO4 weighed.
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Calculation

Sulfate,mg/l = W X 411.5000

Vol of sample
Where W = grams of BaSO,

2.5.2.2 Sodium adsorption ratio (SAR)
SAR was calculated using the following equation:

SAR = Na*

Ca++ + Mq++

2

54



2.5 Results and discussion

2.5.1 Resuults

It was found that produced water contains a complex matrix of organic and
inorganic materials which is similar those in crude oil and natural gas. The
basic components can therefore be grouped into the following main

categories oil heavy metals, radionuclide chemical salt and dissolved oxygen.

The physical -chemical properties of produced water from Al Hamada oilfield

were measured to characterize the pollutants contained within it..

2.5.1.1 The physical properties

The physical properties are summarized in Table (2.4) and Figures (2.3 to
2.9); showing the pH, resistivity, salinity calculated as NaCl (mg/l), electrical
conductivity, dissolved solids as evaporated total dissolved solids, TDS
(calculated) and COD (mg/l).

Table 2.4 pH, Conductivity EC, resistivity, salinity as NaCl, TDS, COD

Sample No S$1 S2 S3 S4

pH — value 7.60]|| 7.66 || 7.78 || 7.66

Salinity calculated as NaCl (mg/l) 1.3 1.2 12 1.2
Resistivity ohom/m@20°C 43 || 4.2 4.1 4.2
Conductivity yS/cm@25°C 23 || 24 24 24
Dissolved Solids evap @180°C (mg/l) 1.7 1.5 1.5 1.5
Total Dissolved Solids (calculated) (mg/l) 1.7 15 15 1.5
COD (mg/l) 0.80(| 0.27 || 0.36 || 0.12
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