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Abstract

Abstract

Produced water is formed in underground formations and brought up to the
surface along with crude oil during production. It is by far the largest volume by-
product or waste stream. The most popular preference to deal with produced
water is to re-inject it back into the formation. Produced water re-injection (PWRI)
needs a treatment before injection to prevent formation blockage. Due to the
increase of produced water during oil production in the west of Kuwait, an effluent
treatment and water injection plants were established and commissioned in 2004
so that produced water could be used for re-injection purposes. It is estimated that
oil wells in the west of Kuwait produce 15 to 40 % of produced water. The main
aim of this treatment train is to reduce not only the oil-in-water amount to less than
10 ppm, but also total suspended solids to 5 ppm which is the maximum allowable
concentration for re-injection and disposal. Furthermore, with respect to the upper
limit for injection, the maximum number of particles between 5 and 8 microns is
200 in 0.1 ml. In practice the number is found to exceed this limit by 10 times.

Hence, crossflow microfiltration of oil from synthetic produced water was studied
experimentally under various operating conditions using a tubular multi-channel
ceramic membrane. Crossflow velocities, transmebrane pressures, Ol
concentrations, ionic strength, ion valency, pH variation effects on critical flux and
equilibrium permeate flux were investigated. An increase in crossflow velocity for
oil emulsions from 1.14 to 2.28 m/s caused an increase in the critical flux. In
contrast, as feed oil concentrations increased from 300 to 2400 ppm, critical fluxes
were decreased. Likewise, when the ionic strength for the feed emulsions was
increased by addition NaCl salt, the critical flux declined. While, as the ionic
strength increased by addition of CaCl, and FeCl,, the critical flux increased.
These different observations are discussed in term of the hydrodynamics and
particle interactions in relation to the filtration process.



Abstract

For the modelling of experimental results in this research work, the unique
applications of the back transport models (such as torque balance, inertial lift, and
shear-induced models) and deposition rate models such as SEM model in the
area of liquid-liquid separations could be claimed a contribution to new knowledge.
For the experimental critical flux results, shear-induced model showed a better
prediction in comparison with the other back transport models. Particle size was
used as a parameter to fit the shear-induced diffusion model to the experimental
results. From the patrticle size distribution analysis, the number frequency of these
fine droplets was less than 5 % in the poly disperse emulsions. Hence, the smaller
particles are causing fouling, which in agreement with the findings of pervious
studies. For equilibrium fluxes at cake formation region (i.e. after reaching the
critical flux), the modified SEM model by introducing effective diffusion term( the
sum of Brownian and shear-induced diffusion) demonstrated a better forecasting
of the experimental data compared to the original SEM model. New development

) and J..: A7, *a’) by incorporating

crit

of critical parameters such as J..;; A7, *a

crit

the critical particle radius showed linear relationship for oil-in-water emulsions.
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X Membrane length (m)

X Distance from membrane entrance (m)
Xerit Critical distance from membrane entrance (m)
Greek Letter

o Boundary layer thickness (m)

U, Dynamic viscosity of permeate (Pa s)

p, Density of the retentate (kg m™)

p, Density of oil (kg m™)

. Density of water (kg m™)

T, Shear stress at the membrane wall (Pa)
d, Volume fraction of particles in the bulk
0 Angle of repose (-)

6. e value corresponding to maximum packing of the retained particles
0, Value of e at the membrane surface

0 Value of e between zero and e,

Y Fluid shear rate

E Cake or particle porosit

N

XX1
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CHAPTER 1
INTRODUCTION

1.1 Background

‘Produced water is formed in underground formations and brought up to the surface
along with crude oil during production. It is considered by far the largest volume by-
product or waste stream. The most popular preference to deal with produced water is
to re-inject it back into the formation. Produced water re-injection (PWRI) needs
treatment before injection to prevent formation damage. The common objectives for
produced water treatment are de-oiling, suspended solids removal, and softening i.e.
removal of excess water hardness.

Due to the increase of produced water during oil production in Kuwait oil wells, an
effluent treatment plant has been established and commissioned in 2004 so that
produced water could be used for re-injection purposes. Usually it is estimated that ol
wells in Kuwait produce 15 to 40 % of produced water. The main aim of this treatment
train is reduce the oil in water to less than 10 ppm and the total suspended solids to 5
ppm, which is the maximum allowable concentration for re-injection and disposal.
Furthermore, with respect to the upper limit for injection, the number of particles
between 5 and 8 microns is 200 in 0.1 ml. In practice the number is found to exceed
this limit by 10 times.

Cross-flow micro-filtration (CFMF) is a promising membrane technology to deal with
this problem. The technique gives a filtrate with an oil concentration of less than 5
mg/l and also eliminates any solids in suspension. The main drawback relates to
fouling, i.e. the membrane pores become clogged, which results in a need for'
frequent flushing and chemical cleaning, and the fitting of pre-treatment units
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upstream, thus increasing the complication and the expenditure of such solutions.

Microfiltration has been used for removal of suspended particles and emulsified ol
droplets in the size range of 0.1-20 pm from feed suspensions (Zaidi et al., 1992). In
order to control membrane fouling in filtration, a cross flow configuration is applied to
the membrane where tangential wall shear forces are exerted on its surface.
However, the use of crosstlow microfiltration has been restricted due to permeate tlux
decline caused by two main factors, concentration polarization and fouling. Hence,
identification of the critical flux value, below which there is no significant fouling,
becomes crucial. Therefore, filtration experiments have been conducted with
emulsions of various properties (such as oil concentration) and hydrodynamic

operating conditions (such as crossflow velocity) to identify the effects of these factors
on critical permeate flux values.

1.2 Objective

The objective of this study on crossflow microfiltration of oil from synthetic produced
water using a tubular ceramic membrane of 0.2 um pore size is the evaluation of
effects for varying suspension properties and hydrodynamic variables on the filtration
performance. Furthermore, the coupling effects of altering the hydrodynamic
parameters and suspension properties on filterability during the microfiltration of oil-in-
water emulsions are investigated.

1.3 Structure of the Thesis

Chapter 2 Literature Review

In this chapter a literature survey Is presented with regards to the following topics
relevant to this study: produced water characteristics, produced water treatment,
colloid science fundamentals, critical flux determination, and factors influencing the

critical permeate flux. The survey includes previous studies concerning the
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conventional treatment methods for de-oiling of produced water such as gravity
separation, gas flotation, and filtration. Furthermore, it addresses advanced
techniques such as membrane separation for produced water treatment and its

challenges. A number of numerical models for crossflow microfiltration are described
here to support the modelling work later in this thesis.

Chapter 3: Case Study

The chapter describes produced water treatment in the crude oil industry. A case
study of Agash wastewater treatment and produced water re-injection plants is
presented. An overview of both plants is discussed based on valuable data collected

from Kuwait through long communications (2005) and through an industrial visit
conducted in January 2006 as part of this research project.

Chapter 4: Experimental Procedures and Materials

This chapter presents details of the experimental procedure used for the filtration
experiments. Sample preparation procedures for the oil-in-water emulsions using an
homogenizer are illustrated, along with the chemical cleaning procedure for the
membrane element used for the filtration. In addition, the experimental set up for
crossflow filtration, the apparatuses for particle size distribution and zeta potential are
described, together with the materials that have been used in the experiments.

Chapter 5: Characterization of Oil in Water Emulsions

This chapter presents both fundamental and experimental data for characterization of
oil in water emulsions. The concept of emulsion formation is described in detail to
cover other emulsion features such as the strength and the stability of emulsions. The
role of the surfactant in stabilizing the oil-in-water emulsions is demonstrated
experimentally in this chapter.
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Chapter 6: Experimental Results

In this chapter a comparison between the methods used for estimation of the critical
flux values was provided to illustrate their relative features. Particle size analyses of
permeate samples were reported to show their compliance with the required product
quality specifications. The results obtained from the experimental studies of the effect

of suspension properties and hydrodynamics on the crossflow microfiltration of oil-in-
water emulsions were presented.

Chapter 7: Modelling and Discussion

This chapter discusses the effects of oil-in-water emulsion properties and the
hydrodynamics on the critical flux. A comparison between obtained results and

several models is offered to support some of the interpretations and discussions of
the experimental results.

Chapter 8: Practical Implications

Practical implications of this research project are discussed in this chapter.

Chapter 9: Conclusions

In this chapter, general conclusions are presented for the findings of this research in
relation to the case study data, the experimental results, and the interpretation of
predicted models.

Chapter 10: Future work & Recommendations

In this chapter, recommendations for future work are discussed in order to put forward
a number of research proposal ideas for later workers in this research field.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Produced water is water trapped in underground formations and is brought to the
surface during oil or gas production. Produced water constitutes the largest
volume by-product and the most important waste stream. In the USA, 14 -18 billion
barrels of produced water are generated annually (Veil et al.,, 2004). For each
barrel of crude oil produced, there are 3 barrels of produced water in most of the
world locations including the USA and South Oman in the Gulf region. Thus, more
than 75% of oil and gas production is produced water. According to the energy
report on UK oil and gas resources (1997), the quantity of produced water has
surpassed crude oil quantity in the UK sector of the North Sea since 1988.

2.2 Composition

Produced water contains mainly water, and small quantities of inorganic and
organic constituents. The substances normally found are clay or sand, scale
crystallites, corrosion product, bacteria, and oil from incomplete separation or
emulsification of produced fluids. Produced water may contain small amounts of
chemicals that have been added to the treatment of produced water which are
listed in Table 2.1. Usually the quantity of suspended matter must be decreased to
some suitable level before the produced water can be re-injected or disposed of.
This decrease is achieved with specialized chemicals and equipment.

2.3 Treatment Chemicals

Treatment chemicals are used as a direct solution to existing problems or to
reduce their anticipated risks as precautionary measures. The most likely

problems could be met in oil and gas production operation and the chemicals
added for treatment are shown in Table 2.1.
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Table 2.1: Problems associated with produced water and their treatment

chemicals.

Water Vapour Dehydrator
Mineral Deposits Scale Inhibitor
Chemical Corrosion Corrosion Inhibitor

Enors | B s, Coguls, ool

Use of corrosion inhibitors, bactericides, and oxygen scavengers is required during
oil and gas production operations. Also, dehydrators such as tri-ethylene glycol ,
(TEG) are widely used as a hygroscopic chemical to remove water vapour from
the gas stream. Emulsion breakers are dosed in the desalter header to enhance
the separation of dispersed or emulsified water droplets in the crude oil.
Demulsifiers are added in the gas flotation header to improve the coalescence of
oil droplets dispersed in the produced water to increase the efficiency of

separation.

Coagulation involves neutralization of the surface charge (zeta potential) on
suspended particles to overcome the repulsion forces, thereby destabilizing the
suspension. Coagulation and flocculation are pre-treatment processes that alter
the effective particle size and size distribution of the solids, to enhance separation
by chemical addition to aggregate the particles.

Coagulant is therefore discussed as a preliminary step in this report, which
requires consideration of basics of colloidal particle interactions in agueous
solution.
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2.4 The DLVO Theory

The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory describes the potential

energy of interaction between a pair of particles and consists of two components:

a) A repulsive component Vg arising from the overlap of the electric double

layers.

b) A component V, due to van der Waals attraction arising from

electromagnetic effects.

Thus, the total potential energy of interaction (Wakeman and Tarleton, 1999), V; is

V,=V,+V, (2.1)
2 2
€ _a.a +wy) 2 1+ -
v, = p¥1 (Y +V; [ 2’//1V/22 ln——M+ln(l—exp(—2ﬂ{))) (2.2)
a, +a, Y, T+, l—exp(l(H)
2
VA =__é_ -—2—Z——*+'2—y—+21n _.Z'I_i-_"g_iit_ (23)
12{ x*+xy+x x"+xy+x+y X +xy+x+y

where a,and a,are particle radius, y, and y, are the measured potential at the

outer boundary of the Stern layer, xis the reciprocal electrical double layer
thickness, H is the interparticle distance, and A is the Hamakar constant.

The double layer interaction (Vi) originates from the interaction between charged
molecules, and its strength and range is strongly affected by the presence of
surrounding ions. Independent of charging mechanism of any surface, the surface
charge is balanced (electro-neutrality) by an equal but oppositely charged region
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of counter-ions. Some of these counter-ions are, usually transiently, bound to the
surface and build up the so called Stern layer. Outside this region, interactions of
the not fully neutralized surface and the ions in the solution result in an
‘atmosphere’ of accumulated counter-ions and depleted co-ions, which with
increasing distance from the surface asymptotically reaches the ion concentration.
Schematic diagram of the potential energy variation with particle separation
according to the DLVO theory is demonstrated in Figure 2.1.

Repulsion

Interaction
potential 0 -------------------- -. come
energy

Attraction

\ 4

Figure 2.1: Schematic diagram of the potential energy variation with
particle separation according to the DLVO theory

2.4.1 Electrical Double Layer Repulsion (EDL)

Most particles acquire a surface electric charge when in contact with a polar
medium. lons of opposite charge in the medium are attracted towards the surface
and ions of similar charge are repelled This process, as well as the mixing



Chapter 2 Literature Review

tendency due to thermal motion, results in formation of an electrical double-layer
that includes the charged surface and the neutralising excess of counter-ions over
co-ions distributed in a diffuse manner in the polar medium. The electric double
layer is presented in term of Stern’'s model wherein the double layer is divided into
two parts separated by a plane (Stern plane or layer) located at a distance of about
one hydrated-ion radius from the surface. Within the stern layer partly de-solvated
ions adsorbed by electrostatic attraction or specifically adsorbed ions may be

present. Figure 2.2 1s a systematic representation of double layer for a particle.
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Figure 2.2: Double layer of a particle with negative charge suspended in water

2.5 Conventional Produced Water Treatment

A de-oiling system in produced water treatment plant normally consists of an
American Petroleum Institute (API) gravity or corrugated plate separator and gas
flotation unit. API separator performance depends on retention time, tank design,
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oil specifications and the outcomes of flocculants or coagulants addition. However,
gravity separation is unsuccessful with small droplets of emulsified oil. As the ol
droplet size reduces, the essential retention time considerably increases in order
to get better efficiency. Consequently, higher capital, maintenance and cleaning
are required for gravity separation for removal of fine oil droplets. The needs of
produced water treatment are dependent on its source, its state, and the used
technique for its discharge. Due to stringent discharge regulations and reduction of
fouling risks, further polishing treatments used are skimmer tanks, plate
interceptors, gas flotation, and hydrocyclones.

2.5.1 Gravity Separators

The gravity separator is capable of removing free oil with particle size diameter >

150 um, however, it is incapable of removing of emulsified and dissolved oil from
water. The droplet rise velocity is correlated to several parameters and hence
acceleration of the separation process, can be done by various techniques; an
increase in the rate of gravity by using a centrifuge, a decrease in water viscosity
by heating, an increase in water density with salinity, and a reduction of oil density
by air or gas flotation process. Gravity separators’ separation mechanisms can be
interpreted by using Stokes law.

=[g(pw-Pa)df,J 2.4

1812

V

!

To improve the efficiency of gravity separation tanks, corrugated plates that are
made of a hydrophobic material are packed inside them. The oil droplets tend to
stick on the corrugated plate surface and coaleéce, and then move to the top of
the tank. In effect, the depth of each separator path is subdivided by insertion of a
pack of closely spaced plates. Oil droplets coalesce on the underside of each plate
and the overall surface area is increased by the sum of the areas of the individual
plates. The distance through which an oil droplet will have to rise is also reduced,
enabling separation of smaller droplets for a similar residence time.

10



Chapter 2 Literature Review

Table 2.2: Technical summary of corrugated plate separator.

Description Separation of free oil from water under gravity effects enhanced by
flocculation on the surface of corrugated plates.

removal, no moving parts, robust technoloqy.
Disadvantage | Inefficient for fine oil particles, requirement of high retention time,
maintenance.

Waste Suspended particles slurry at the bottom of the separator.
Stream

Produced Oil recovery from emulsions or water with high oil content prior to discharge.
Water Produced water from water-drive reservoirs and water flood production are

most likely teed stocks. Water may contain oil & grease in excess of 1000
mag/l.

Application

2.5.2 Gas Flotation

A gas flotation unit utilizes gas or air to float oil out of the produced water on the
surface where it is skimmed off. The speed of oil flotation improves significantly
due to the reduction of oil droplet density when they are attached to gas bubbles.
The process of gas flotation includes four fundamental stages; production of small
gas bubbles in the oily water, contact between the bubbles and the suspended oil
droplets, attachment of the oil droplets to the gas bubbles, and flow of bubble/oil
drop mixture to the surface for removal by skimming.

The technique of bubble generation is critical. It determines the size and
concentration of gas bubbles for a given influent flow which in turn influences the
collision rate between the oil drops and gas bubbles and therefore enhances oil
removal efficiency. In order for the oil droplet to stick to a bubble on contact, the
hydrodynamics and the surface chemistry of both the drop and the bubble should
be favourable. When the drop and bubble approach, the thin ‘disjoining’ film
between them has to come apart. Behaviour of the water film is controlled by
viscosity, interfacial tension, surface electrical charge, and pH.

Dissolved air flotation (DAF) operates on pressurizing the dissolving gas in water

11
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upstream of the flotation unit. When the saturated water enters the flotation vessel,
the pressure decrease results in the discharge of a large number of gas bubbles.
Induced gas flotation (IGF) is the method in which gas is introduced to the polluted
water stream. IGF engages the use of gas at effectively ambient pressure, drawn
from the surface of the flotation.

Table 2.3: Technical summary of gas flotation separator

Treatment (Gas floatation
’ QOil particles attached to induced gas bubbles and float to the surface.

Advantages No moving parts, higher efficiency due to coalescence, easy operation
robust.

Dis-advant. Generation of large amount of air, retention time for separation, skim
volume.
Waste Stream | Skim off volume lumps of oil.

Produced Oil recovery from emulsions or water with high oil content prior to discharge
Water of produced water from water-drive reservoirs and water flood production are
Applications | most likely feed- stocks. Water may contain oil & grease in excess of 1000

mg/l.

2.5.2.1 Gas Flotation Principle

In gas flotation fine bubbles are introduced into a water system that has dispersed
liquid droplets (oil) or oily solid particles in order to affix the gas bubbles to the oil
droplets. As a result of such an attachment the density difference between the oil
cluster and the water is enlarged and thus the oil ascends quicker facilitating a
faster and efficient separation from the aqueous phase. The oil droplets and oil-

covered solids go up to the surface where they are trapped in the resulting foam
and then skimmed off form the flotation unit.

With respect to the efficiency of gas flotation of oily wastewater, various dominant
parameters which have not been investigated in detail are gas bubble size and its
size distribution, degree of dispersion and oil concentration in the feed and its
variability, chemical composition of the wastewater and the oil, pH and viscosity of

12
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the aqueous phase, and interfacial properties between the oil, gas, and brine such
as interfacial tension, wettability, and spreading coefficient.

REAY and Ratcliff (1973) pointed out that gas flotation is most useful when olil
droplets have a diameter between 3 and 100 ym. Also, the flotation efficiency Is
not significantly influenced by gas bubble size but is considerably influenced by

bubble number density. Table 2.4 compares induced and dissolved gas flotation
processes.

Table 2.4: Comparison between induced and dissolved gas flotation.

Flotation method | Induced Gas Flotation (IGF) | Dissolved Gas flotation (DGF

Description Gas is drawn into the [ Water is saturated with gas under the
flotation chamber through | pressure and then passed to the
dispersers such as impellers | flotation chamber. The pressure is
or ejectors. reduced at the unit inlet, which leads to
the release of gas bubbles.
Gas bubble size | In the range of 1000 um. with diameter in the range of 40-100

Retention time Can be as low as 4 minutes. M

Floatability is defined as the ability of bubble-particle attachment and followed by
floating to the surface of liquid. It can be measured indirectly in terms of the
surface properties of particles, including hydrophobicity and zeta potential. The
most important interfacial properties in the study of fine particle flotation comprise

contact angle of solid, zeta potential of fine particles, and surface tension of liquid
(Olivier et al., 1999).

2.5.2.2 Flotation Efficiency

Flotation efficiency is improved by promoting attachment between the oil droplets
and gas bubbles so that the effective or apparent density of the droplet becomes
less, which leads to their quick floatation to the surface. Flotation mechanisms
depend on hydrodynamic and thermodynamic forces, and physiochemical
properties. Separation efficiency improves by coalescence of oil drops, aided by

13
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surfactants and/or chemical demulsifier. The attachment of the oil drops to gas
bubble and the formation of a stable bubble drop aggregate are rate controlling
steps. The fine dispersed oil droplets generally have big negative surface charges
in water and therefore remain separately due to the mutual repulsive forces.

A flow chart of flotation recovery steps is outlined in Figure 2.3 , where the most
significant and the rate controlling stage is considered the attachment of bubble to

particle step.

Step-1
Attachment of bubble to

particle Usually the

— rate
Condition controlling
for bubble- step

particle Step-2
attachment Transport of the
efficiency aggregate to the forth

Mutual trajectories
lead to collision stage Formation of
stable bubble-
particle or
] drop Step-3
: During aggregate Drainage, enrichment, &
‘“‘2‘:}‘:’“ Skimming of the forth

Thinning & rupture of the
liquid film between the
bubble and the drop or solid
particle also occur

Figure 2.3: A flow chart of flotation recovery stages.

Hence to enhance separation by coalescing of oil droplets, addition of chemicals to
counteract these charge forces becomes essential. Qil in wastewater is normally in
dispersed form with mainly droplets diameter of less than 20 um. Hence by using

the gravity separator, the required retention time for these fine oil droplets to float
to the surface will not be practical. Therefore, flotation can be effective industrially

14
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when coupled with coagulation and demulsification as a pre-treatment stage.

2.5.3 Hydrocyclone

A hydrocyclone uses a swirling (rotating) flow to give a radial acceleration the
emulsion. The natural gravitational separation of the oil and water phases Is

significantly increased, reducing the residence time essential for full separation to
happen. Due to the density difference between the water and oil, a high rotating
speed becomes essential for separation, while maintaining low turbulence and
hence shear to avoid further emulsification. A hydrocyclone requires the
installation of a surge tank upstream to intercept gross oil, and also to give a
degree of residence time and controllability to the system. Such a tank will clearly
reduce the size and the weight advantage offered by hydrocyclone operation and
may cause the system to be unsuitable for particular applications. Hydrocyclones
also need high pumping power to supply the adequately high flow rates for
separation and also to overcome the pressure drop normally (1 to 5 bars) required
to drive a cyclone.

Table 2.5: Technical summary of hydrocyclone separator.

Hvdrocyclone

Free oil separation under centrifugal force generated by pressurized
tangential input of influent stream.

Treatment
Description

Advantages Compact modules, higher efficiency and throughput for smaller oil

narticles.

Dis- Energy requirement to pressurize inlet, no solid separation, fouling, higher
advantages maintenance cost.

Waste Suspended particie slurry as pre-treatment waste.

Stream

H

Produced

Oil recovery from emulsions or water with high oil content prior to
Water

discharge .Produced water from water-drive reservoirs and water flood

production are most likely feed- stocks. Water may contain oil & grease in
excess of 1000 mg/l.

Application

15
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A produced water treatment comparisons summary was provided by the
Norwegian oil industry association (1991) for USA, UK, Norway, and Canada. As
shown in Table.2.6. The best available technology mostly employed for treatment
of produced water was gas flotation.

Table 2.6 Produced water treatment comparisons, OLF, the Norwegian Oil industry
Association (1991).

Available Requirements Thresholds Reporting
Technology
“ Gas Flotation | 29mg/l. monthly avg. Total O & G
42 ma/L dally max. Gravimetric -
Dispersed O& G
Gas Flotation | 40 ppm monthly avg. | 1/day composite > 100 ppm Monthly O&G
“ Hydrocyclones | 30 ppm annual avg. 048G - Annual
1/yr comprehensive Comprehensive

Dispersed O& G
Gas Flotation | 40 ppm monthly avg. | 1/day composite > 40 ppm Monthly 0&G

034G | Monthly avg. Annual
1/yr comprehensive Comprehensive

40 ppm 30 day avg. Dispersed O& G | Any exception
Canada Not stated 80 ppm 2 day avg. 2x/day Monthly

T

Ciarapica and Giacchetta (2003) conducted a technical and economical
comparison study, between various types of conventional and innovative
separation plants at offshore rigs, as a function of the treated flow rates up to 1000
m%h. By comparing the separating efficiency with respect to the average size of
the oily particles they claimed that all conventional treatment systems were
inefficient for oily particles below 20 pym, although the separating efficiency of
hydrocylcone and flotation units were more than 90 % for the average size of oily
particles above 20-30 pm. With respect to the size of the separation units for the
flow rate of 1000 m>/h. The hydrocylone was estimated to be 20 m? (smallest); the
filter was 40 m?2 the flotation was 60 m?; the corrugated plate interceptor was 70
m?% and the skimmer was 90 m? (largest). Also, in term of the equipment mass for
a flow rate of 1000 m“/h, the hydrocyclone was claimed to be the lowest (25 ton),
while the traditional filter was considered the heaviest (160 ton).

2.6 Advanced Produced Water Treatment

16
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2.6.1 Membrane Separation of Produced Water

Choices for oil removal processes include microfiltration (MF) and ultrafiltration
(UF). Membrane systems have the prospects to produce effluent water with the
highest quality and at the lowest cost. Ciarapica and Giacchetta (2003) found that
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