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(67) Sammendrag:
A method of depleting a given analyte from a water source is provided. The method is applicable to water
used in oil recovery, water used in natural gas recovery, the treatment of water wells, and for water used in
hydraulic fluids for fracturing processes, such as water to be used in proppants or fracking fluids. The
method involves depleting an analyte from a water source, said method comprising contacting a water
source with a superparamagnetic or paramagnetic nanoparticle; complexing the analyte with the particle;
and removing the analyte-particle complex by applying a magnetic field so as to provide a water source
with depleted analyte content. The depleted water can then be pumped into one or more connecting
injection well(s) in an oil field pushing the crude oil towards one or more production well(s) thereby allowing
for enhanced oil recovery from the production wells.
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METHOD AND SYSTEM FOR THE RECOVERY OF OIL, USING WATER THAT
HAS BEEN TREATED USING MAGNETIC PARTICLES

Field of Invention

The method of the invention is directed to using paramagnetic nanoparticles for the
depletion of analytes from large volumes of water suitable for water flooding used
in oil recovery, in natural gas recovery and for water used in fracking fluids.

Background of the Invention

Water flooding as an oil recovery technique has been in use since 1890 when
operators in the US realised that water entering the productive reservoir formation
was stimulating production. In some cases, water is supplied from an adjacently
connected aquifer to push the oil towards the producing wells. In situations where
there is no aquifer support, water must be pumped into the reservoir through
dedicated injection wells. The water phase replaces the oil and gas in the reservoir
and thereby serves to maintain pressure. Recovery factors from water flooding vary
from 1-2% in heavy oil reservoirs up to 50% with typically values around 30-35%,
compared to 5-10% obtained from primary depletion without water flooding.

Large volumes of water are used in water flooding so the water source is typically
seawater. Certain naturally occurring elements, compounds, minerals, ions, and
bacteria as well as organic pollutants, phosphate pollutants, nitrates, sulfates, and
other pollutants from detergent use, pesticide use and fertilizer use may end up in
the water source used for water flooding. It is not desirable for these water
contaminants to be contacted with crude oil mixtures. These water “contaminants”
can lead to or catalyze various chemical reactions with the oil, or with the
containers and oil pipes, such as oxidation, hydrogenation, addition or elimination
reactions. Furthermore, these “contaminants” /analytes can negatively impact the
oil recovery process by affecting the capacity of the water to create emulsions and
to penetrate the reservoir rock. The impact of these water contaminants/analytes
can lead to lower grade oil product, reduced oil recovery, reduced efficacy of
linked-polymer solution or related processes, and reduced life time of machinery,
due to corrosion of piping and other equipment. It is therefore desirable to remove
analytes from the water source before its use in oil recovery processes.
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Currently, ions, salts, elements, minerals and other analytes are removed from
injection water by various processes, such as reverse osmosis, filtration, including
nano-filtration, vapour distillation and freezing desalination.

The removal of bacteria, particularly sulphate reducing bacteria, from water
sources used for water flooding is similarly advantageous. Various techniques are
currently used for removal of these bacteria from water sources, including
ultraviolet light and biocides. Sulfate-reducing bacteria (SRB) are bacteria present
in seawater used for waterflooding which have the unfortunate effect of producing
hydrogen sulfide (H2S) that cause corrosion of oil platform facility equipment.
Additionally bacteria can form so-called biofilms on metal surfaces leading to
damage of the equipment.

Corrosion of pipelines is a major concern for the oil industry. Over the past two
decades, it has become clear that corrosion in water injection pipelines is to a large
extent caused by H>S-producing bacteria; this phenomenon is commonly referred
to as microbially-induced corrosion (MIC). The bacteria responsible for corrosion
belong to a group of sulphate-reducing bacteria (SRB), which are active under
anaerobic conditions.

Summary of the Invention

The invention is generally directed to a method of depleting the analyte content in a
water source for a water flooding process and for treating produced water. The
invention relates to a method of treating an oil well, more specifically to a method
for recovering crude oil a hydrocarbon-bearing reservoir by water flooding, said
methods using water depleted in analyte content.

The method of the invention is applicable to water used in oil recovery, water used
in natural gas recovery, the treatment of water wells, and for water used in
hydraulic fluids for fracturing processes, such as water to be used in proppants or
fracking fluids.

It is furthermore applicable to the treatment of water which has been used for
hydraulic fracturing to remove contaminants, such as from stored water from
unlined surface ponds.
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One aspect of the invention is directed to a method for recovering crude oil or
natural gasfrom the ground, the method comprises the steps of:

Providing a water source;

Capturing one or more analyte(s) from the water source by contacting the
water source with a superparamagnetic or paramagnetic particle capable of
binding the one or more analyte(s) present in the water source providing a
capturing mixture;

Removing the analyte(s) bound to the superparamagnetic or paramagnetic
particles from the capturing mixture by applying a magnetic field providing a
depleted water;

Pumping the depleted water into one or more connecting injection well(s) in
an oil field pushing the crude oil towards one or more production well(s);
Recovering the crude oil from the one or more production well(s).

According to this aspect, the analyte can be a compound, a mineral, one or more

elements or ions, a bacteria, phosphate pollutants, nitrates, sulphate and/or

pollutants from detergent use, pesticide use or fertilizer use.

According to an embodiment of this aspect, the diameter of superparamagnetic or

paramagnetic particles are between 1 nm — 10 um, preferably the
superparamagnetic or paramagnetic particles are superparamagnetic nanoparticles
of size in the range of 1 - 1000 nm.

According to an embodiment of this aspect, the particle size of the nano particles is

in the range of 1-600 nm, such as in the range of 3-500 nm, e.g. in the range of 5-

300 nm, e.g. in the range of 7.5-200 nm, such as in the range of 10-100 nm, e.g. in

the range of 15-50 nm.

According to an embodiment of this aspect, the weight of superparamagnetic or

paramagnetic particle capable of binding the one or more analyte(s) present in the

water source does not exceed 0.5 kg per 1.000 kg water i.e. 0.05 wt% independent

of the size of the particle.

According to an embodiment of this aspect, the weight of superparamagnetic or

paramagnetic particle capable of binding the one or more analyte(s) present in the

water source is at least 250 kg water/cm? particles. This corresponds to a weight

percent of partcles of 0.000000004wt% for particles with a radius = 50 uym.
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According to an embodiment of this aspect, the superparamagnetic or
paramagnetic particle is capable of binding the one or more analyte(s) present in
the water source by non-specific binding and/or by specific binding.

According to an embodiment of this aspect, the superparamagnetic or
paramagnetic particles are coated with an organic compound or an inorganic
compound.

According to an embodiment of this aspect, the superparamagnetic or
paramagnetic particles are coated with a polymer, such as a polysaccharide, an
alginate, a chitosan, a PEG, a dextran or a polyethyleneamine.

According to an embodiment of this aspect, the superparamagnetic or
paramagnetic particles are functionalized with a moiety capable of specifically
binding the one or more analyte(s) present in the water source.

According to an embodiment of this aspect, the water source is selected from
seawater, water from an estuary, brackish water, or generally untreated water
having a salinity above 0.05%.

According to an embodiment of this aspect, the water source is sea water or
brackish water having a salinity above 2% and below 5%, normally around 3.5%.

According to an embodiment of this aspect, the water source has a salinity of less
than 250.000 ppm.

According to an embodiment of this aspect, the water source in the capturing in
step (ii) and/or the removing in step (iii) has a temperature in the range 4-60°C,
preferably in the range of 4-40°C and/or has a pressure in the range 1-200 atm.

According to an embodiment of this aspect, the steps (i), (ii) and (iii) are a
continuous process of providing water depleted in the particular analyte(s).

According to an embodiment of this aspect, the water has been depleted in at least
one particular analyte(s), such as at least two particular analytes, e.g. at least
three particular analytes, such as at least four particular analytes.
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According to an embodiment of this aspect, the depleted water is used for water
flooding, or as hydraulic fluid for fracturing processes.

A further aspect of the invention is directed to a system for recovering of crude oil
comprising a water treatment plant, one or more injection well(s) and one or more
oil production well(s), wherein

- the water treatment plant comprises at least two regions, a reaction region (1)
where superparamagnetic or paramagnetic particles will bind to the analyte(s) and
a holding region (2) holding ready-to-bind superparamagnetic or paramagnetic
particles,

- - the reaction region (1) is connected to the holding region (2) allowing addition of
superparamagnetic or paramagnetic particles to the reaction region (1), the
reaction region further has an inlet for untreated water, an outlet for treated water
and is provided with means for mixing and means for applying a magnetic field,

- - the reaction tank (1) outlet for treated water is connected with the one or more
injection well(s) which injection wells are further connected to the one or more oil
production well(s).

Each “region” may be constituted by a single tank provided with rigid walls of
plastic or metal, or it may be constituted of a several tanks or tubes with rigid walls
of metal or plastic. Each region can hold a liquid and allows for liquid being
transferred to and from the region.

According to an embodiment of this further aspect, the reaction region (1) is
provided with rigid walls of hon-metallic material such as plastic.

According to an embodiment of this aspect, the water treatment plant comprises a
third region (3) in form of one or more storage compartments where the reaction
tank (1) outlet for treated water is connected to one or more storage compartments
which storing compartments are then connected with the injection well(s).

According to an embodiment of this aspect, the water treatment plant further
comprises a separation region (3) where superparamagnetic or paramagnetic
particles are regenerated from the mixture of superparamagnetic or paramagnetic
particles bonded to analytes.
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According to an embodiment of this aspect, the one or more storage compartments
of the third region is dimensioned to hold at least the amount to be used in the
injection well(s) during the residence time of the reaction region. If residence time
for a batch in the reaction region is 1 hour and the amount to be used in the
injection well pr. 1 hour is 5000 m?3, then the storage compartment should be able
to hold 5000 m?3.

The present invention may be used as a pre-step for low-salinity pulse (LSP)
treatment where low-salinity water is injected to analyte containing environments,
such as bacteria containing environments, leading to cell membrane explosion of
bacteria due to osmotic pressure resulting in efficient killing of the bacteria. The
pre-step of this is removal of dissolved salts from seawater which is to be used for
LSP treatment to achieve low salinity by means of particles capable of
sequestering dissolved salts. The particles can become magnetic when a magnetic
field is applied and will subsequently be dragged out of the solution thus removing
sequestered salt ions. The ions will subsequently be removed from the particles
and the particles can hereafter be re-used for next-rounds of ion depletion.

Brief Description of the Figures

Figure 1: The basic process

A. Starting point: In a first recipient, magnetic (superparamagnetic or
paramagnetic) particles MPs are found. In a second recipient, the water source

comprising the one or more analyte is found.

B. Immobilization: The MPs are mixed with the analyte containing water source.
The one or more analytes are caught and immobilized to the particles.

C. Magnetization: A magnetic field is applied to the mixture and the now
magnetized particles are removed from the water phase.

Figure 2: A continuous process with reusable particles

A. Seawater enters a conventional tube. A tank is toploaded with analyte-
containing seawater. A central tank comprises (super)paramagnetic particles.

B. Seawater enters a plastic tank or a tube-region made by plastic where the
particles are present. The contents of the two tanks are mixed and the analytes
are immobilized onto the particles). Time is allowed for mixing and equilibration.
A magnetic field is applied on the plastic tank — and the particles are pulled
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towards the magnet.
C. The seawater is depleted of the analytes and the depleted water is sent to
down-stream tubes and ready for injection.
D. The trapped particles are removed (with caught analyte) to another
compartment.
i: The analytes are released via mild elution.
ii. The analytes are collected
iii. The particles are re-suspended after elution and removal of external
magnetic field and can now be re-used.
The particles may be used for additional rounds of analyte depletion.

Detailed Description of the Invention

The invention is generally directed to a method of depleting the content of a
selected analyte or a combination of analytes (hereinafter referred to solely as
“analyte”) in a water source, such as for a water flooding process. The invention
relates to a method of treating an oil well, more specifically to a method for
recovering crude oil from a hydrocarbon-bearing reservoir by water flooding, said
methods using water depleted in analyte content.

The method of the invention is applicable to water used in oil recovery, water used
in natural gas recovery, the treatment of water wells, and for water used in
hydraulic fluids for fracturing processes, such as water to be used in proppants or
fracking fluids.

It is furthermore applicable to the treatment of water which has been used for
hydraulic fracturing to remove contaminants, such as from stored water from
unlined surface ponds.

The invention is directed to a method depleting the analyte content in a water
source, such as for a water flooding process, said method comprising the steps of
a. Contacting the water source with a superparamagnetic or paramagnetic particle;
b. Complexing at least a portion of an analyte with the particle so as to form an
analyte-particle complex;
c. Removing the analyte-particle complex by applying a magnetic field so as to
provide a water source with depleted analyte content.
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The analyte may be selected from chemical elements, compounds, minerals, ions,
and bacteria including organic pollutants, phosphate pollutants, nitrates, sulfates,
and other pollutants from detergent use, pesticide use and fertilizer use.

The particles are paramagnetic in nature in that they are attracted to a magnet
when placed in a magnetic field but retain no magnetic memory upon removal of
the magnetic field. This characteristic prevents aggregation and allows for easy
dispersion of the particles. Paramagnetic materials include most chemical elements
and some compounds, they have a relative magnetic permeability greater or equal
to 1 (i.e., a positive magnetic susceptibility) and hence are attracted to magnetic
fields. The particles are of a chemical nature so as to have paramagnetic
properties. The paramagnetism of the particle may be achieved by any number of
elements or compounds. The particle may be superparamagnetic or paramagnetic
due to the use of an organic superparamagnetic or paramagnetic compound, a
metallic superparamagnetic or paramagnetic compound or an organometallic
superparamagnetic or paramagnetic compound.

The superparamagnetism or paramagnetism of the particle may be due to the
particles comprising an element selected from the group consisting of lithium,
oxygen, sodium, magnesium, aluminum, calcium, titanium, manganese, iron,
cobalt, nickel, strontium, zirconium, molybdenum, ruthenium, rhodium, palladium,
tin, barium, cerium, neodymium, samarium, europium, gadolinium, terbium,
dysprosium, holmium, erbium, thulium, osmium, tungsten, tungsten iridium,
tungsten and platinum. Strong paramagnetism is exhibited by compounds
containing iron, palladium, platinum, and the rare-earth elements. Accordingly, the
particles preferably comprise an element selected from the group consisting of iron,
palladium, platinum, and the rare-earth elements. The superparamagnetic or
paramagnetism of the particle may comprise an organometallic compound.

The particles may comprise a superparamagnetic or paramagnetic core, optionally
coated with an inorganic or organic compound; or may comprise a composite core
of a paramagnetic and a non-paramagnetic compounds. The particle may be
selected from the group consisting of a particle functionalized by conjugation with a
binding molecule, a nanoparticle, or a nanoparticle conjugated with a binding
molecule.
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Polymers are suitable as non-paramagnetic components of super-paramagnetic or
paramagnetic composite particles, which comprise the super-paramagnetic or
paramagnetic metallic or organometallic component and non-paramagnetic
polymeric component. Polymeric components may provide functionality useful for
binding to an analyte or functionality which can be further derivatized for binding to
an analyte. Examples of polymers for use in a composite core include styrenic
polymers or copolymers, (meth)acrylate polymers or copolymers, or a highly
conjugated aromatic polymer.

The particles are superparamagnetic or paramagnetic particles and may bind the
analyte either by virtue of their small size or by means of a binding molecule, or a
combination thereof. The nanoparticles may bind to the analyte by virtue of their
small size or due to complexation
¢ via a functionality present in metallic or organometallic core;
o via further functionalization of the functionality present in metallic or organometallic
core
e via a functionality present in the polymer used in the preparation of the particle core;
o via further functionalization of the polymer used in the preparation of the particle
core,
e via a coating which comprises a functionality; or
¢ via functionalization of a coating
for adjusting surface properties for binding to the analyte as well as for blendability
of the nanoparticles.

In one embodiment, the particle is a nanoparticle without any conjugated binding
molecule (BM) (i.e. non-functionalized) where analyte adsorption or complexation
to the particle would occur solely with surface energy as driving force. For very
small nanoparticles surface energy will be large due to the high area-to-volume
ratio and due to quantum confinement effects (i.e. the size is less than the
wavelength of electrons (de Broglie wavelength) leading to the bypassing of
periodic quantum mechanical boundary conditions). Surface energy and driving
forces can be tuned, for instance by the size or the selection of the polymer
material.
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The superparamagnetic or paramagnetic particles may furthermore comprise or at
least partially comprise a coating of an organic compound or an inorganic
compound.

Wherein the superparamagnetic or paramagnetic particles are at least partially
coated with an organic compound, the organic compound may be typically selected
from a polymer or copolymer comprising a polysaccharide, an alginate, a chitosan,
a PEG, a dextran or a polyethyleneamine.

The particles may comprise a functional group, either from the particle or from a
coating, selected from the group consisting of carboxy (e.g., carboxylic acid
groups), epoxy, ether, ketone, amine, hydroxy, alkoxy, alkyl, aryl, aralkyl, alkaryl,
lactone, ionic groups such as ammonium groups and/or carboxylate salt groups,
polymeric or oligomeric groups or a combination comprising at least one of the
forgoing functional groups.

The polymers used for further functionalization of the particle may be selected from
the group consisting of an antibody, a peptide of 2-200 amino acids, an amino acid,
a polysaccharide, a sugar, a nucleotide or nucleoside including DNA or RNA, a C1-
Cso alkyl, a C1-C30 alkenyl, a C1-C30 alkylyl, a C1-C30 ether, a C1- C30 amine, a C1-
Cso ester, a C1- C30 amide, and combinations thereof.

The nanoparticle composition may be further derivatized by grafting certain
polymer chains to the functional groups. For example, polymer chains such as
acrylic chains having carboxylic acid functional groups, hydroxy functional groups,
and/or amine functional groups; polyamines such as polyethyleneamine or
polyethyleneimine; poly(alkylene glycols) such as poly(ethylene glycol) and
poly(propylene glycol), and polysaccharide chains may be grafted onto the
nanoparticle by reaction with functional groups found on the particle.

In a particular interesting embodiment, the particles may be prepared by coating a
layer of magnetite and polystyrene onto monodispersed (i.e. uniform sized)
polystyrene core particles. The magnetite content of these paramagnetic particles
can be adjusted but typically represents about 10% to 15% for 1 micron particles.
The paramagnetic particles can be easily separated from a suspension
magnetically. These particles become non-magnetic when removed from a magnet,
and do not retain any detectable magnetism even after repeated exposure to strong
magnetic field.
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Examples of dextran-based spherical beads include Kisker-biotech® dextran-based
nanoparticles in the size range of 20-100 nm); nanomag®-D, made of dextran
polymers of size 130 nm; and MagCellect® particles of size 150nm.
Superparamagnetic particles made by other types of polymers or inorganic material
may be used as well. One particular advantage of using such small particles is that
the size, physical properties, chemical reactivity and conjugation possibilities is
flexible and can be tailor-made.

Suitably, the particles comprise a superparamagnetic or paramagnetic core, such
as a magnetite core. The magnetite core may optionally be coated, or at least
partially coated in silica or a silicate, or a (SiO2)-magnetite (FesO4) composite. As
an example, the superparamagnetic or paramagnetic particle, such as a
nanoparticle or microparticle, may be coated or partially coated with tetraethyl
ortho silicate, Si(OCzHs)4 or TEOS. In the embodiment wherein the
superparamagnetic or paramagnetic particles are at least partially coated with an
inorganic compound, the inorganic compound may suitably be selected from silica,
including derivatized silica.

Typically, the particles are superparamagnetic particles of size in the range of 1 -
1000 nm, such as in the range of 1-600 nm. Preferably, the diameter of
superparamagnetic or paramagnetic particles are in the range of 1-500 nm, such as
in the range of 1-300 nm, preferably in the range of 5-300 nm, such as in the range
of 5-200 nm, typically 5-150 nm.

In a further embodiment, particles are at least partially functionalized with a
conjugated binding molecule, such as a polysaccharide-binding molecule (PBM).
Under this embodiment, the size of the particles may be larger than the non-
functionalized particles. Accordingly, the diameter of superparamagnetic or
paramagnetic particles may be between 1 nm — 10 um, depending on whether they
are non-functionalized or at least partially functionalized with a polysaccharide-
binding molecule.

In one embodiment, the particles are microparticles or nanoparticles of
superparamagnetic or paramagnetic cores, at least partially functionalized with a
conjugated polysaccharide-binding molecule (PBM).
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Particles may be of the nanometer size of less than 150 nm since particles of this
diameter have a high area-to-volume ratio leading to a high PBM-conjugation
capacity. Suitably, the particles may be dextran-based spherical beads.

In a further suitable embodiment, the particle has a diameter of less than 25 nm,
such as less than 20 nm, and is made of iron or iron oxide (Fe3O4, magnetite).
These particles have the advantage of very low sedimentation rates and do not
plug micrometer scale pores.

The superparamagnetic or paramagnetic particle may bind the bacteria present in
the water source by non-specific binding or by specific binding. Accordingly, the
superparamagnetic or paramagnetic particle is capable of binding the bacteria
present in the water source by non-specific binding or by specific binding. The
superparamagnetic or paramagnetic particles may be functionalized with a moiety
capable of non-specifically binding the bacteria present in the water source.
Alternatively, the superparamagnetic or paramagnetic particles are functionalized
with a moiety capable of specifically binding the bacteria present in the water
source.

It is well-known that the cell surface of bacteria is covered with polysaccharides
(sugar polymers) conjugated to lipids and proteins. These molecular components
make the surface facing the extracellular phase hydrophilic mediating interactions
between the bacteria and other bacteria or organisms, and are involved in biofilm
formation. In an important embodiment of the present invention, a polysaccharide-
binding molecule (PBM) is conjugated to a superparamagnetic or paramagnetic
particle. Accordingly, an aspect of the invention relates to a specific or non-specific
complexation of the bacterial polysaccharides and a polysaccharide-binding
molecule (PBM) of the particle.

The polysaccharide-binding molecule could be any kind of polysaccharide binding
molecule, preferably cheap, with very high affinity and unselective towards sugar
motifs of glycolipids and glycans. Concrete PBMs could be lectins (proteins), such
as Sclerotium rolfsii lectin (SRL), Aleuria Aurantia Lectin (ALL), Jacalin,
Pseudomonas lectin Il (PA-IIL), concanavalin A (ConA), wheat germ lectin (WGL)
etc. which can be derived from plants, bacteria and fungi. Production can easily be
made in large (industrial) scale via gene cloning techniques and appropriate
engineering of plasmids to be transferred into e.g. bacteria. The polysaccharide-
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binding molecule is not limited or restricted to antibodies or proteins but could just
as well be selected from organic or inorganic molecules capable of binding
polysaccharides.

The polysaccharide-binding molecule may be an organic or inorganic compound or
a combination thereof. Suitable embodiments of organic polysaccharide-binding
molecule may be selected from the group consisting of a protein, including an
antibody, a peptide of 2-200 amino acids, an amino acid, a polysaccharide, a
sugar, a nucleotide or nucleoside including DNA or RNA, a C1-C3p alkanyl, a C4-Cso
alkenyl, a C1-C30 alkylyl, a C4-C30 ether, a C1- C30 amine, a C1-C3¢ ester, a C4- C3o
amide, and combinations thereof.

The polysaccharide-binding molecule may be selected from a polymer or copolymer
comprising a polysaccharide, an alginate, a chitosan, a PEG, a dextran or a
polyethyleneamine.

The polysaccharide-binding molecule may be an inorganic compound, optionally
modified with an organic compound. The inorganic compound, such as silica, may
be optionally modified with an organic compound, such as an organic compound
selected from the group consisting of a protein, including an antibody, a peptide of
2-200 amino acids, an amino acid, a polysaccharide, a sugar, a nucleotide or
nucleoside including DNA or RNA, a C1-C30 alkanyl, a C4-Czo alkenyl, a C1-Cso
alkylyl, a C1-C3o ether, a C4- C30 amine, a C1-C3o ester, a C4- C30 amide, and
combinations thereof.

In a suitable embodiment, the inorganic polysaccharide-binding molecule is
tetraethyl ortho silicate, Si(OCzHs)4 or TEOS, which has been shown to bind to
bacteria due to its high hydrophilicity.

In a combination of suitable embodiments, the particles may be iron or iron oxide
particles with an average diameter of less than 50 nm, such as less than 20 nm,
such as less than 10 nm, and may further be at least partially coated with
polyethylene glycol or a co-polymer comprising polyethylene glycol.

In a further combination of suitable embodiment, the particle is a
superparamagnetic iron oxide particle, optionally coated, or at least partially
coated, with silica. The silica coating encapsulates the superparamagnetic iron
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oxide particles and makes the particles become very hydrophilic. Typically, the size
of such coated or partially coated iron oxide particles is in the range of 5 to 50 nm,
typically 5 to 20 nm. Such nanoparticles can be easily synthesized or bought
commercially. One advantage of using very small silica coated particles is that
these are membranolytic, in that they disrupt membrane integrity, to cells
themselves.

The silica coated or partially silica coated iron oxide particles may optionally further
comprise a polymer or co-polymer coating to serve as a polysaccharide-binding
molecule. The polymer or co-polymer coating may be added in selected proportions
so as to tune the binding properties of the at least partially silica coated particle. In
a typical embodiment, PEG may be used to coat the at least partially silica coated
particle.

As stated, an aspect of the invention relates to a method of treating an oil well, the
method comprising the steps of

(i) Providing a water source;

(ii) Capturing analytes from the water source by contacting the water source
with a superparamagnetic or paramagnetic particle capable of binding to
analytes present in the water source providing a capturing mixture;

(i) Removing the analyte bound to the superparamagnetic or paramagnetic
particles from the capturing mixture by applying a magnetic field providing a
depleted water;

(iv) Pumping the depleted water into one or more connecting injection well(s) in
an oil field pushing the crude oil towards one or more production well(s);

(v) Recovering the crude oil from the one or more production well(s).

A magnetisable particle becomes magnetic when a magnetic field is present, and
becomes non-magnetic when the field is removed. According to the present
invention, particles, such as those functionalized, are added to a water source,
such as the seawater, preferably at an injection point upstream the pumps. The
particles should not be permanently magnetic since such particles would aggregate
and precipitate.

In embodiments where the analyte is a bacterium, when the particles are added,
the polysaccharides of the bacteria membrane surface will bind to the PBM-part,
specifically or non-specifically and typically with high affinity, and thus catch the
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bacteria and immobilize them, thereby forming a bacteria-particle complex. Due to
the large area-to-volume ratio of the particles, the particles will have a large
analyte-storage/catching capacity.

The analyte-particle complexes, such as bacteria-particle complexes or ion-particle
complexes, may be then subsequently isolated from the water by applying a
magnetic field that magnetizes the particles causing them to migrate towards the
magnet. This procedure takes place in a non-metallic environment (such as plastic
tanks). The particles are then removed and the analytes are released by mild
elution with high concentration of sugar, by means of competitive elution, or low
concentration of salt. Harder elution can be alternatively be used if needed.
Bacteria can then be killed and whilst bacteria and other analytes may be removed
via osmosis, electrolyte addition, antibiotics, or isolated (if it is of interest to make
enrichment cultures or research experiments) or discharged back to the sea or
otherwise discarded.

An advantage of this method is that in at least conditions of mild elution, the
particles may be recovered, re-suspended and reused again for another round of
treatment of a water source.

The water source may be a water source used in these types of processes and is a
non-limiting aspect of the invention. Suitably, the water source is selected from
seawater, produced water, water from an estuary, brackish water, water having a
salinity above 0.05% (such as above 15 ppt) and untreated water. In the water
treatment processes currently envisaged such as for oil or gas recovery, the water
source is typically sea water. The water source be an untreated water source or
may also in any form pre-treated water, e.g. treated by reverse osmosis, nano-
filtration, vapour distillation, or freezing desalination.

Typically, depending on the nature of the water source, the water source has a
salinity of less than 250.000 ppm. The water source may have a mineral content,
typically a mineral content of less than 7.000 ppm.

The water source in the capturing in step (ii) and/or the removing in step (iii)
typically has a temperature in the range 4-60°C, preferably in the range of 4-40°C
and/or has a pressure in the range 1-200 atm. Preferably the water pressure is in
the range of 1-10 atm since 1-10 atm is the pressure range valid for water
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treatment in tubes/containers before the pump system used for pumping water into
a subsurface reservoir.

In some aspects of the invention, the process of the invention involves capturing
bacteria from the water source by contacting the water source with a
superparamagnetic or paramagnetic particle capable of binding to bacteria present
in the water source providing a capturing mixture; and furthermore removing the
bacteria bound to the superparamagnetic or paramagnetic particles from the
capturing mixture by applying a magnetic field providing a depleted water. In other
aspects of the invention, the process involves contacting steps, complexing steps,
and removing steps. The water source in the any one or more of the capturing step,
the removing step, the contacting step, and the complexing step may have a
temperature in the range 4-60°C, preferably in the range of 4-40°C. The pressure
may be in the range 1-200 atm.

An object of the invention is the depletion or substantial depletion of selected
analytes or a combination of selected analytes from a water source. Subsequent to
the depletion process, the depleted water is typically used for its intended purpose,
including in an oil recovery process, for recovering crude oil from the ground by
water flooding. The water flooding may be a continuous process of providing water
depleted in analyte content. The depleted water is depleted in the sense that it has
been depleted in at least one type of analyte. Preferably, the depleted water source
is at least partially depleted in sulphate-reducing bacteria content or in the content
of at least one ion type.

Depending of the prevalence of the analyte in the water source (the concentration
of bacteria in the water source) and the size and functionalization of the particle,
the amount of particle used will vary. The weight of superparamagnetic or
paramagnetic particle capable of binding the analyte present in the water source
typically will not exceed 0.5 kg per 1.000 kg water (i.e. 0.5 wt%) independent of the
size of the particle. wherein the weight of superparamagnetic or paramagnetic
particle capable of binding the analyte present in the water source does not exceed
0.5 kg per 1.000 kg water (i.e. 0.5 wt%) 250 kg water/cm? particles independent of
the size of the particle, e.g. at least 500 kg water/cm? particles independent of the
size of the particle, such as at least 750 kg water/cm? particles independent of the
size of the particle, e.g. at least 1.000 kg water/cm? particles independent of the
size of the particle, such as at least 2.500 kg
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water/cm? particles independent of the size of the particle, e.g. at least 5.000 kg
water/cm? particles independent of the size of the particle, such as at least 7.500
kg water/cm? particles independent of the size of the particle, e.g. at least 10.000
kg water/cm? particles independent of the size of the particle, such as at least
15.000 kg water/cm? particles independent of the size of the particle.

According to the process of the invention the water source and the
superparamagnetic or paramagnetic particles are typically contacted in a first water
tank, wherein the first water tank is made of a non-magnetisable or non-magnetic
material such as plastic. After the capturing of the analyte from the water source by
contacting the water source with a superparamagnetic or paramagnetic particle and
removing the analyte bound to the superparamagnetic or paramagnetic particles
from the capturing mixture by applying a magnetic field so as to provide depleted
water, the depleted water is typically stored in a second water tank.

The invention is furthermore directed to a composition comprising water and an
analyte-particle complex, particularly seawater. The invention is furthermore
directed to seawater depleted in its analyte content obtainable by the method of the
invention.

A further aspect of the invention is directed to a system comprising an oil
production plant connected to at least one production well and a water purification
plant connected to at least one injection well, wherein the water purification plant
comprises at least one inlet, at least one capturing site, at least one analyte
removing site and at least one outlet, said at least one capturing site comprises
superparamagnetic or paramagnetic particles capable of binding analytes present
in the water source and wherein the at least one removing site comprises a non-
magnetisable material and means for applying a magnetic field wherein the outlet
from the water purification plant is connected to the at least one injection well. The
particles and process of the system are as defined above.

Another aspect of the invention relates to the use of water depleted in a selected
analyte or combination of analytes for recovering oil by water flooding, wherein the
depletion of the analytes from water is performed by capturing at least a portion of
the analytes from a water source by contacting the water source with
superparamagnetic or paramagnetic particles capable of binding the selected



18 DK 179864 B1

analyte present in the water source providing a capturing mixture followed by
removing the analyte bound to the superparamagnetic or paramagnetic particles
from the capturing mixture by applying a magnetic field providing a water reduced
analyte content.

The process of the invention may be a continuous process or a batch-wise process,
depending on the conditions of the installation in place.
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Patentkrav

1. Fremgangsmade til udvinding af raolie eller naturgas fra jorden, hvilken
fremgangsmade omfatter trinnene:

(1 tilvejebringelse af en vandkilde;

(i) fangning en eller flere analytter fra vandkilden ved at bringe
vandkilden i kontakt med en superparamagnetisk eller paramagnetisk
partikel, som kan binde den ene eller flere analytter, der er til stede |
vandkilden, hvorved der tilvejebringes en fangningsblanding;

(i)  fljernelse af analytten(analytterne) bundet til de superparamagnetiske
eller paramagnetiske partikler fra fangningsblandingen ved pafering af
et magnetfelt, hvorved der tilvejebringes et depleteret vand,

(iv)  pumpning af det depleterede vand i en eller flere forbindende
injektionsbrende i et oliefelt, hvorved raolien skubbes hen mod en eller
flere produktionsbrande;

(v) udvinding af raolien fra den ene eller flere produktionsbrende.

2. Fremgangsmade ifelge krav 1, hvor analytten er en forbindelse, et
mineral, et eller flere elementer eller ioner, en bakterie, phosphat-
forurenende stoffer, nitrater, sulfat og/eller forurenende stoffer fra
anvendelse af detergenter, anvendelse af pesticider eller anvendelse af
gadningsmidler.

3. Fremgangsmade ifglge et hvilket som helst af kravene 1 og 2, hvor
diameteren af de superparamagnetiske eller paramagnetiske partikler er
mellem 1 nm og 10 um, fortrinsvis er de superparamagnetiske eller
paramagnetiske partikler superparamagnetiske nanopartikler med en
sterrelse i omradet pa 1 - 1000 nm.

4. Fremgangsmade ifelge krav 3, hvor partikelstarrelsen af nanopartiklerne
er i omradet pa 1-600 nm sasom i omradet pa 3-500 nm, f.eks. i omradet pa
5-300 nm, f.eks. i omradet pa 7,5-200 nm, sasom i omradet pa 10-100 nm,
f.eks. i omradet pa 15-50 nm.

5. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor
vaegten af en superparamagnetisk eller paramagnetisk partikel, som kan
binde den ene eller flere analytter, der er til stede i vandkilden, ikke
overstiger 0,5 kg per 1.000 kg vand, (dvs. 0,05 veegtprocent) uafhaengigt af
partiklens starrelse.
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6. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
massen pr. arealenhed af en superparamagnetisk eller paramagnetisk
partikel, som kan binde den ene eller flere analytter, som er til stede i
vandkilden, er mindst 250 kg vand/cm? partikler.

7. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor
den superparamagnetiske eller paramagnetiske partikel kan binde den ene
eller flere analytter, der er til stede i vandkilden, ved ikke-specifik binding
eller ved specifik binding.

8. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor de
superparamagnetiske eller paramagnetiske partikler er coatet med en
organisk forbindelse eller en uorganisk forbindelse.

9. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor de
superparamagnetiske eller paramagnetiske partikler er coatet med en
polymer, sasom et polysaccharid, et alginat, et chitosan, en PEG, en dextran
eller et polyethyleneamin.

10. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
de superparamagnetiske eller paramagnetiske partikler er funktionaliseret
med en enhed, som specifikt kan binde den ene eller flere analytter, der er til
stede i vandkilden.

11. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
vandkilden udveelges fra havvand, vand fra en flodmunding, brakvand eller
generelt ubehandlet vand med et saltindhold over 0,05 %.

12. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
vandkilden er havvand eller brakvand med et saltindhold over 2 % og under
5 %, normalt ca. 3,5 %.

13. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
vandkilen har et saltindhold pa mindre end 250.000 ppm.

14. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
vandkilden ved indfangningen i trin (ii) og/eller fjernelsen i trin (iii) har en
temperatur i omradet 4-60 °C, fortrinsvis i omradet pa 4-40 °C, og/eller har et
tryk i omradet 1-200 atm.
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15. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
trin (1), (i) og (iii) er en kontinuerlig proces med at tilvejebringe vand, der er
depleteret | de(n) seerlige analyt(ter).

16. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
vandkilden er blevet depleteret i mindst en seerlig analyt, sdsom mindst to
seerlige analytter, f.eks. mindst tre saerlige analytter, sasom mindst fire
seerlige analytter.

17. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
det depleterede vand anvendes til vandfylding eller som hydraulisk fluid til
fraktureringsprocesser.

18. System til udvinding af raolie omfattende et vandbehandlingsanlaeg, en
eller flere injektionsbrende og en eller flere olieproduktionsbrende, hvor

- vandbehandlingsanlaegget omfatter mindst to omrader, et reaktionsomrade
(1), hvor superparamagnetiske eller paramagnetiske partikler binder til
analytten(analytterne), og et holdeomrade (2), som holder
superparamagnetiske eller paramagnetiske partikler, som er klar til at binde,
- - reaktionsomradet (1) er forbundet med holdeomradet (2), som muligger
tilseetning af superparamagnetiske eller paramagnetiske partikler til
reaktionsomradet (1), hvilket reaktionsomrade endvidere har et indlab for
ubehandlet vand, et udlgb for behandlet vand og er forsynet med midler til
blanding og midler til pafering af et magnetfelt,

- - - reaktionstankens (1) udlgb for behandlet vand er forbundet med den ene
eller flere injektionsbrende, hvilke injektionsbrende desuden er forbundet
med den ene eller flere olieproduktionsbrende.

19. System ifglge krav 18, hvor reaktionsomradet (1) er forsynet med stive
veegge af ikke-metallisk materiale sasom plast.

20. System ifelge krav 18 eller 19, hvor vandbehandlingsanleegget omfatter
et tredje omrade (3) i form af et eller flere lagringskamre, hvor
reaktionstankens (1) udlgb for behandlet vand er forbundet med et eller flere
lagringskamre, hvilke lagringskamre sa er forbundet med
injektionsbranden(e).

21. System ifelge et hvilket som helst af kravene 18-20, hvor
vandbehandlingsanleegget endvidere omfatter et separationsomrade (3),
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hvor superparamagnetiske eller paramagnetiske partikler regenereres fra
blandingen af superparamagnetiske eller paramagnetiske partikler, der er
bundet til analytter.

22. System ifelge et hvilket som helst af kravene 18-21, hvor det ene eller
flere lagringskamre i det tredje omrade er dimensioneret til at holde i det
mindste den maengde, der skal anvendes i injektionsbranden(e) under
reaktionsomradets opholdstid.

23. System ifelge et hvilket som helst af kravene 18-22, hvor
vandbehandlingsanlaegget er anbragt onshore, hvorimod
olieproduktionsbrenden og injektionsbrandene er anbragt offshore.
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Fig. 2
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