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(57) Abstract: Oil recovery isenhanced by: - filtering solids from seawater in afiltration assembly (1,2) to produce pre-treated sea-
water; - further treating the pre-treated seawater in a Capacitive De-lonisation (CDI) assembly(3) with flowpaths (12) for the pre-
treated seawater between oppositely charged electrodes (15,16) which adsorb ions to produce treated seawater (10); and - injecting
the treated seawater (10) with reduced salinity and solids content into the formation to mobilize crude oil and Enhance Oil Recovery
(EOR). The filtering & CDI assemblies (1-3) provide treated seawater (10) with apurity, salinity and TDS levels suitable for EOR,
without subsequent re-blending with raw seawater to re-adjust the TDS level, and are less sensitive to fouling and less energy-intens -
ive than known Reverse Osmosis (RO) EOR seawater treatment units.
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METHOD AND SYSTEM FOR ENHANCING O L RECOVERY (EOR) BY
I NJECTI NG TREATED WATER | NTO AN O L BEARI NG FORMATI ON

BACKGROUND OF THE | NVENTI ON

The invention relates to a nmethod and system for
Enhancing G| Recovery (EOR) by injecting treated water
into an oil bearing formation.

Only a portion of oil present in an oil-bearing
formation is recoverable as a result of the natural
pressure of the formation. The oil recovered from this
"primary" recovery typically ranges from 5% to 35% of the
oil in the formation. Enhanced oil recovery nethods have
been developed to increase the anpbunt of oil that may be
recovered from an oil-bearing formation above and beyond
that recovered in primary recovery.

Wat er - f | oodi ng, in which water is injected through
an injection well into an oil-bearing formation to
mobilize and drive oil through the formation for
production from a production well, is a widely used
met hod of secondary recovery used to increase the anpunt
of oil recovered from a formation beyond prinmary
recovery. Recently, water-flooding wutilizing water
having low salinity has been utilized to increase the
amount of oil recovered from a formation relative to the
anmount of oil recovered in a conventional higher salinity
wat er - f | ood. Low salinity water may be used in place of
hi gher salinity water conventionally wused in a water-
flood in a secondary recovery, or low salinity water may
be used after a conventional higher salinity water-flood
to increnentally increase oil recovery over that of the
initial water-flood in a tertiary recovery process.

Injection of low salinity water into a formation may
reduce the ionic bonding of oil to the formation wthin

pores in the formation by double [ayer expansion, |[eading
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to a reduction in the rock's adsorption capacity for

hydr ocar bons. This increases the nobility of the oil in
the formation by making the surface of the pores of the
formation nore water-wet and less oil-wet, permtting the
nmobile oil to be renmoved from the pores in which it
resides and to be driven to a production well for
production from the formation.

Low salinity water utilized in low salinity water-
flooding typically has a total dissolved solids ("TDS")
content ranging from 200 parts per mllion ("ppnt) to
5000 ppm and preferably has a TDS content ranging from
1000 ppm to 5000 ppm to provide adequate salinity in the
water to prevent formation damage.

Frequently, the low salinity water provided for
enhanced oil recovery is produced by desalinating a
source water having significantly higher salinity.
Seawater is a commpbn source water treated to provide the
low salinity water, particularly for offshore oil
recovery. Seawater typically has a TDS content between
30000 ppm and 50000 ppm Bracki sh water, high salinity
formation water produced from a formation, and high
salinity aquifer water may also be utilized as source
water that may be desalinated to provide the low salinity
source water. Such water sources nay have a TDS content
ranging from 10000 ppm to 250000 ppm

Commonly applied technologies for desalination of
water include distillation processes, such as Milti Stage
Flash, Milti Effect Distillation, Mechanical Vapour
Conpression and/or Thermal Vapour Conpression, and
menbrane processes, such as Reverse Gsnpbsis (RO , Nano
Filtration (NF) and/or Electrodialyses . International
patent application WXR011/135048 of Voltea B.V. and the

website www.voltea .com disclose a nethod and apparatus

for renoval of ions from for exanple, wastewater by
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Capacitive De-lonisat ion (CDI). Mre information on CDI
can be found in the scientific paper Environnental

Sci ence and Technol ogy, vol. 36/13, page 3017, 2002 and
in the article "Capacitive deionization as an

el ectrochem cal nmeans of saving energy and delivering
clean water. Conparison to present desalination
practices: WIIl it conmpete?" by MA Anderson et al.
publ i shed the Journal Electrochimca Acta 55(2010)3845-

3856 and at website www.el sevier .conf | ocate/ el ect act a

The latter article by MA Anderson et al. shows in
Figure 8 the amount of electrical work required to
desalinate water with different salinities and concl udes
that under the selected conditions and at concentrations
bel ow 5000 ng/L, CDI could be a conpetitive technol ogy
even if noderate efficiencies, from 60-70% are attai ned.

The nmost commonly used nethod for desalination of
water used for ECR generally conprises a Mcro Filter
(M) or Utra Filter (U assenbly for filtering solids
from the water and a Reverse GOsnpbsis (RO assenbly or a
conbination of a nanof iltration assenbly and a RO
assenbly for subsequent water desalination. Sever al
studies on offshore desalination of seawater have
concluded that Seawater Reverse Osnmpsis (SWRO with
either conventional or nenbrane pre-treatnment is by far
the nost viable desalination nethod available for
of fshore application due to suitable weight, cost,
footprint, and designed output capacities.

A proper treatnment of EOR low salinity injection
water is critical to prevent salinity related formation
damage. If the clays that are present in the formation
are inconpatible wth the injection water, de-
flocculation of the clays could occur. Wen the clays de-
flocculate in the formation, the clay particles may

di sperse and migrate into the pore throats, resulting in
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formati on damage. In general the injection

wat er /conpletion fluid nust have an adequate salinity
(rmeasured in total and/or divalent cation concentration)
to prevent de-flocculation of formation clays when the
system is in equilibrium Additionally there nust be
enough divalent cations (i.e. Ca**, Mg**) present in the
displacing fluid (e.g. injected seawater) to prevent de-
flocculation of the formation clay during the transition
from one water conposition to another.

A drawback of both distillation technologies and
SWRO s, is that the treated source water has a too high
purity requiring blending with seawater or a high
salinity nenbrane retentate stream to adjust the TDS
level to the desired |evels. Distillation and RO
menbrane desalination technologies typically reduce the
TDS content of the treated source water to |less than 500
ppm often less than 200 ppm To avoid formation damage,
a low salinity water having a TDS of from 1000 ppm to
5000 ppm is desirable, therefore, ions are typically
added back to water produced by distillation or RO
menbrane desalination technologies for use in an EOR
application, for exanple by blending with seawater or
with a high salinity nmenbrane retentate stream Furt her
drawbacks of RO are that RO nmenbranes are sensitive to
fouling and RO is energy-intensive.

There is a need to provide an inproved and efficient
seawater treatnent nmethod and system for EOR, which
provide treated water with purity, salinity and TDS | evel
suitable for EOR and which therefore do not require
subsequent re-blending with raw seawater to re-adjust the
TDS level to a desired level, and which is |less sensitive

to fouling and |ess energy-intensive than RO.

SUMMARY OF THE INVENTION
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In accordance with the invention there is provided a
met hod for Enhancing O Recovery (EOR) from an oil
bearing formation, the nmethod conprising:
filtering at least some solids from a source water having
a total dissolved solids content of from 10000 ppm to
50000 ppm in a filtration assenbly to produce pre-treated
wat er ;
further treating the pre-treated water in a Capacitive
De-lonisat ion (CD) assenbly conprising at |east one
flowpath for pre-treated seawater arranged between a pair
of oppositely charged electrodes which adsorb and thereby
renove at |least some ions from the pre-treated water
flowing through the flowpath, thereby producing treated
water with a reduced salinity and solids content relative
to the source water; and
-injecting the treated water with reduced salinity and
solids content into the formation to mobilize crude oil
and enhance oil recovery

The electrodes nmay conprise substantially parallel
porous plates conprising carbon aerogel and/or activated
carbons that are electrically charged by a Direct Current
(bC) electrical power source connected to the plates.

The filtration assenbly nmay conprise a Nano
Filtration (NF) and/or mcrofilter assenbly. The NF
and/or mcrofilter assenbly may conprise a NF assenbly
whi ch generates pre-treated seawater with a reduced
hardness and sul phate concentration and with less than 1
parts per million (ppm oil and less than 1 parts per
mllion(ppm) of Total Suspended Solids(TSS).

The source water may had a total dissolved solids
(TDS) content of from 10000 ppm to 50000 ppm The source
water may be selected from the group consisting of
seawater, brackish water, water produced from the

formation, saline aquifer water, and m xtures thereof.
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The treated water has reduced salinity and reduced solids
content relative to the source water. The treated water
may have a TDS between 1,000 and 5,000 parts per nillion
(ppm) , or from 2000 ppm to 5000 ppm

It is believed that the above operating envel ope
of an NF and CDI assenbly has a synergetic effect that
optimzes the efficiency and performance of the NF and
CDI assenbly in an unexpected manner, which overcones the
prejudice stemming from the article by MA Anderson et
al . that CDI would only be efficient for desalination of

brackish water with a TDS of |ess than 5000 ng/Liter.

In accordance wth the invention there is furthernore
provided a system for Enhancing O Recovery (EOR) from
an oil bearing formation, the system conprising:
a filtration assenbly for filtering at |east some solids
from a source water having a TDS content of from 10000
ppm to 50000 ppm to produce pre-treated water;
a Capacitive De-lonisat ion (CD) assenmbly conprising at
| east one flowpath for pre-treated water arranged between
a pair of substantially parallel oppositely charged
el ectrodes which adsorb and thereby renove at |east sone
ions from the pre-treated water flowing through the
flowpath, for producing producing treated water with a
reduced salinity and solids content; and
means for injecting the treated water wth reduced
salinity and solids content into the subsurface formation
to mobilize crude oil and thereby enhance crude oil
recovery from the formation.

The filtration assenbly nmay conprise a capillary
Nano Filtration (Nf) and/or mcrofilter assenbly and may
be configured to generate pre-treated water with a

reduced hardness and sul phate concentration and with |ess
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than 1 parts per nmllion (ppm o0il and less than 1 parts
per mllion (ppm) of Total Suspended Solids (TSS)

These and other features, enbodinents and
advantages of the nmethod and/or system according to the
invention are described in the acconpanying clains,
exanpl e, abstract and the following detailed description
of non-limting enbodinents depicted in the acconpanying
drawi ngs, in which description reference nunerals are
used which refer to corresponding reference nunerals that
are depicted in the draw ngs.

Simlar reference nunerals in different figures denote

the same or simlar objects.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts a process schene of filtration and
Capacitive De-lonisat ion (CD ) assenblies for producing
treated water suitable for EOR in accordance wth the
i nvention; and

Figure 2 shows in nore detail a |ongitudinal
sectional view of a flow channel in the CD assenbly
shown in Figure 1 in which ions are renpved from saline

wat er

DETAILED DESCRIPTION OF THE DEPICTED EMBODIMENTS

Figure 1 depicts a process schene for an EOR
injection water treatnent facility according to the
i nvention .

This EOR injection water treatnment facility
comprises a solids rempoval filter 1, a capillary Nano-
Filtration (NF) unit 2 and a Capacitive De-lonisat ion
(CDI) unit 3.

A stream 4 of raw source water, which is optionally
blended with or alternated by a stream of recycled

injection and pore water from the formation, my be fed
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to the solids renoval filter in which coarse particles
are removed and the stream 4 may be split into a first
pre-treated water stream 5 and a first reject water
stream 6. The first pre-treated water stream may be
subsequently fed into the capillary or non-capillary
Nano-Filtrat ion (NF) unit 2, in which the first pre-
treated water stream may be split into a second reject
water stream 7 and a second pre-treated water stream 8.

The second pre-treated water stream 8 may be then
fed to the Capacitive De-lonisat ion (CD) wunit 3 in which
the second pre-treated water stream 8 may be split into a
third reject water stream 9 and a treated EOR injection
wat er stream 10.

Reduci ng hardness and salinity of treated injection
water 10 offers opportunities to Enhance Q|
Recovery (EOR)

M xing or alternating the flux of the source water
4 with lowsalinity brine 10 is feasible if originally
highly saline formation water, rich in divalent ions, is
present in the pores of the reservoir rock of the oil
bearing formation. The presence of clays in reservoir
rock dictates a lower Total Dissolved Solids (TDS)
Typical TDS linmits are 1000-5000 parts per million (ppm
Injection of fresh water for EOR would lead to formation
damage from clay swelling.

It is known from UK patent GB2450269 that
desalination of water and renmoval of hardness is also
very effective in (i) reducing the anpunts of polyners
and surfactants required for chemical EOR and (ii)
reducing the risks of reservoir souring and formation of
scal e .

Sources of injection water may be seawater,
bracki sh water, aquifer water, or produced water, the

sel ection of which depends for exanple on the Ilocation of
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the oilfield, environnental di scharge limts and/or
targets to re-use produced water.

Conventional seawater desalination technologies can
be classified as distillation nethods (e.g. MF, MED) and
menbrane processes , such as RO (Reverse Gsnosis), NF (
Nano Filtration) and El ectrodialyses

RO, such as SWRO (= Sea Water Reverse Osnpsis) wth
either conventional or menbrane pre-treatnent is
presently the nobst viable desalination nmethod available
for offshore application where space is generally
constraint

A drawback of RO however, is that: (i) perneate
water of a too high purity is produced and blending wth
a higher salinity feedwater is required to achieve the
required TDS level, and (ii) RO is sensitive to fouling,
and (iii) energy-intensive.

In accordance wth the invention an alternative
solution is provided for the renoval of TDS that
overconmes the drawbacks of (SWRO i.e. the application
of CDI (Capacitive De-lonisation) , possibly conbined wth
capillary NF.

An advantage of using a CDI unit 3 for treating
water used for EOR is that the product salinity/hardness
can be tuned by the charge of the electrodes; hence
blending to increase TDS again, as illustrated by arrows
11 would not be required.

Moreover, no additional chemcals are needed for
the regeneration of the CD wunit 3.

Figure 2 shows that a CD unit 3 having an open
flowpath 12 arranged between substantially parallel
el ectrode assenblies conprising positively and negatively
charged electrodes 13 and 14, which are covered by upper
and | ower porous carbon electrodes 14 and 15. The upper

porous carbon electrode 14 may be covered by an anion
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exchange nenbrane 17 and the |ower porous carbon
electrode 16 may be covered by a cation exchange nenbrane
18.

The stream of pre-treated water 8 discharged by the
NF unit 2 shown in Figure 1 may flow through the flowpath
12 between the positively and negatively charged
el ectrodes 13 and 14 which attract cations 19 and anions
20, respectively, thereby causing mgration of cations
into the pores of the upper carbon electrode 15 and
mgration of anions into the |ower carbon electrode 16.

The absence of flow barriers in the open flowpath
12 between the anion and cation exchange nenbranes 17 and
18 may significantly reduce the risk of fouling in
comparison with a RO nenbrane, which is prone to fouling
due to the flow of water through a fine nmesh of openings
in the wall of the RO nenbrane. Also no high pressure
punps, nenbranes, distillation colums or thernmal heaters
are required.

Pre-treatment rmay be required as illustrated in
Figure 1 to prevent clogging of a carbon cloth that my
be used in the porous carbon electrodes 15 and 16 in the
CDI unit 3, for exanple by pre-treating the seawater
stream 4 with a mcro and/or other filter 1 and/ or a
capillary or non-capillary Nano-Filtrat ion(NF) unit 2
shown in Figure 1.

It has been found that the presence of Natural
Organic Matter (NOM in the source water appears to
reduce the inorganic sorption capacity of the carbon
aerogel material. Pretreatnent for NOM removal may aid
the operational efficiency of the CD process using
carbon aerogels.

Partial renoval of divalent ions for reduction of
hardness and sul phate concentration by application of

capillary nano-f iltration menbranes may be effective as

10
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pre-treatment as it is less susceptible to fouling than
spiral wound nenbranes; the latter nakes the solution
tolerant for the presence of oil and solid traces
potentially allowing the re-use of produced water.

Partial renoval of the presence of higher valency ions
potentially also allows better process control in CD as
| ess preferential | oadi ng can be expected.

In conparison wth known M--SWRO desalination
met hods, the following key-differentiators for the CDI
desalination nethod according to the invention are
envi saged

1. The CDI desaliniat ion nethod may require [|ess weight
and space; hence the CD desaliniat ion nethod may be
applied on certain offshore oil recovery platforns
and vessels that are too space and/or weight
constrained for the application of M--SWRO Al so,
the | ower space and weight requirenments may result
in significantly |ower costs when applied on an
of fshore platform or vessel.

2. The CDI desalination method may provide higher
process efficiency because no blending is required.

3. The CDI desalination nethod may result in |less
fouling problenms, and, therefore, the process nmay
require fewer renediation measures.

4. The CDI desaliniat ion method may result in |less
energy consunption and no chem cal consunption.

5. The CDI desalination method may provide a higher
degree of operability and maintainability.

It has been observed that EOR water flooding wth
low salinity (TbS ~ 3000 ppm TDS = total dissolved
solids) water instead of raw seawater injection |nproves
Ol Recovery (IOR) and is potentially cost-conpetitive
compared to chemical Enhanced G| Recovery (EOR) nethods.

Core flow tests and single well chemcal tracer tests

11
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have shown that lowsalinity water flooding can inprove
t he hydrocarbon recovery efficiency by 5 to 38% of
Oiginal Ol In Place (OQP)

Injection of a stream of low salinity water 10 nay
shift the wettability of reservoir rock towards a nore
water-wet state and hence may result in incremental oil
recovery. The reverse effect is also possible. The
effectiveness of the process is known to depend upon
paraneters |like conposition of formation water (ion
content, pH) , initial water saturation, clay content of
the rock formation and oil properties. Al so, when used in
pol ymer flooding, the low salinity water stream 10 may
require considerably [|ess anmobunts of polyner, thus
reducing the facilities required offshore for
transportation, storage, and handling of polyner
chem cal s .

A summary of optional performance of the water
treatnent facilities 1-3 shown in Figure 1 is provided
bel ow :

1. Pre-treatment in the NF/ RO (nenbrane softening &
desalination) wunits 1 and 2:
e Ol <lppm
» Total suspended solids TSS < |ppm

2. Low salinity waterf | ooding stream 10:
Salt: TDS~1000-5000ppm

* low hardness to limt anobunt of an optionally added
EOR and/or viscosifying polyner
3. Treated EOR water stream 10, if used as feed for an ASP

(Al kaline Surfactant Polymer) cocktail:
Salt: TDS~1000-2000ppm
« De-aerate: 0,<20ppb

* lron: Fe<2ppm

12
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e mn. o2 & Fe levels are required to prevent pol yrer

degradat ion/precipitat i on
4. Scaling (har dness) / Souring of treated EOR water

stream 10:
Sof t eni ng: Ca<40ppm My<100ppm

e SRU (Sul phate Renpval Unit) against souri ng:
SH4<20ppm
A Sul phate Renoval Unit (SRU) rmay conprise Nano-
Filtrat ion (NF) menbranes to remove multi or dival ent
anions from water, such as sc42 . In the presence of

SRB (Sul phate Reducing Bacteri a) sul phate is

converted to HS- , leading to souring of the
reservoir
It is known from International pat ent application WO

2011/ 135048 that Capacitive Dei oni zati on (CDI) is a

desal i nation t echnol ogy based on ion accumulation into an
electric double layer. This double layer is formed when

an electrically charged surface of the porous carbon

el ectrode 15,16 i s introduced into an aqueous electrolyte
solution provided by the pre-treated saline water stream
8. The armount of charge used for double Ilayer fornation

is directly proportional to the anobunt of ions 19,20

which can be renoved. CDI  conpetes with RO |on-Exchange

and El ectrodial yses but unlike sone of these conventional
processes no additional cheni cal s are needed for the
regeneration of the wunit. Also no high pressure punps,
menbr anes, distillation colums or thermal heaters are
required. The principle of CDI originates from the

1970 's. I n those days however no suitable rmaterials

having high surface area and low electrical resi stance
were cheaply avail able, t herefore it was not yet feasible
to apply this technol ogy t o desalination of a saline

water stream 8. Nowadays, materi al s are getting available
at lower prices, such as (extruded) powder , fibers and

13
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nanot ubes. To achieve the maxi rum anmount of adsorption
capacity in a short period of tine, high surface area
materials are used with low electrical resistance, such
as activated carbons for making the porous carbon

el ectrodes 15 and 16. Most of present CDI research uses
carbon aerogel as adsorbing material in the porous carbon
el ectrodes 15 and 16.

In a conpetitive environnent (i.e., when multiple ions of
varying valences are present), the sorption of the

di valent species in the porous carbon electrodes 15 and
16 is limted.

The pre-treated water stream 6 may flow through the open
flowpath 12 between the cation and anion exchange
menbranes 17 and 18 covering the positively and

negati vely charged porous carbon electrodes 15 and 16.
By creating a pre-determined electrical potential between
the positively and negatively charged carbon electrodes
15 and 16, for exanple by applying a positive voltage to
the current positively charged collector of the first

el ectrode (the anode) 13 and a negative voltage to the
current collector of the second electrode (cathode) 15,
the anions of the pre-treated water flow ng through the
open flowpath 12 are attracted to the negatively charged
porous electrode 16 and the cations are attracted to the
positively charged porous electrode 15. In this way the
ions, conprising cations 19 and anions 20, wll be
renoved from the water flowing through the flowath 12.
When the porous electrodes 15 and 16 are saturated wth
ions the porous electrodes 15 and 16 may be regenerated
by releasing the potential difference and electrically

di scharging the porous electrodes 15 and 16. This wl|
release the ions from the porous electrodes 15 and 16
into the water flowing through the flowath 12. This w |

result in an increase in the ion content in the water

14
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flowng through the flowpath 12 and this water wll be
flushed out of the flowpath 12. Once nobst ions are
released from the porous electrodes 15 and 16 and the
contami nated water with increased ion content is flushed
out of the flowpath 12 the porous electrodes 15 and 16
are regenerated and can be used again for attracting ions
for water desalination.

The electrical potential differences between the anode
and the cathode porous electrodes 15 and 16 are rather
low, for exanple less than 2 Volt, preferably 1less than
1,7 Volt and even nore preferably less than 1.4 Volt.

It is also useful if the electrical resistance of the
electrical circuit provided by the current collectors
13,14 and the porous electrodes 15,16 is |ow

The carbon used in the porous carbon electrodes 15 and 16
may conprise activated carbon, and optionally any other
carbonaceous material, such as carbon black, carbon aero-
gel s, carbon nanofibres graphene or carbon nanotubes.

The carbon nay be chemically activated carbon or may be
steam activated carbon. The carbon may have a high
surface area of at l|least 500 mP/g, preferably at |east
1000 m?/g, and nore preferable at least 1500 m?/g. The
cathodic and anodic current collectors 13 and 14 may even
be made out of different carbonaceous materials. The
porous carbon electrodes 15 and 16 may conprise non-
flexi ble carbon |ayers conprising carbon aerogels. These
aerogels may be manufactured as conposite paper: non-
woven paper made of carbon fibers, inpregnated wth
resorcinol - formal dehyde aerogel, and pyrolyzed.
Depending on the density, carbon aerogels may be
electrically conductive, nmaking conposite aerogel paper
useful for electrodes in capacitors or deionization

el ectrodes

The carbon may be present in the porous electrodes 15 and
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16 in a concentration of at least 60% preferably at

| east 70% nore preferable at |east 80% or even at |east
85% by weight of the dry electrode. The use of

t hernmopl astic or viscoelastic material such as latex or
curable resins to form nonoliths from powdered materi al
is common. Exanples of carbon |ayers that use

pol yf luorotetraethylene (PTFE) as binder nmaterial are the
PACMMTM series comercially available from Material

Met hods LLC, 30 Hughes, Suite 205, Irvine, CA 92618, USA
The CDI unit 3 according to the invention nmay conprise
porous carbon electrodes 15 and 16 conprising active
carbon fiber woven layer or carbon cloth, e.g. ZORFLEX®
comercially available from Chenviron Carbon, Zoning
Industriel C de Feluy, B-7181 Feluy, Belgium
Alternatively the CD wunit 3 according to the invention
may conprise porous carbon electrodes 15 and 16 covered
by anion and cation exchange nenbranes 17 and 18
conprising a carbon coating conprising polyelectrolyte a
bi nder and carbon, which may be coated directly onto the
current collector.

The current collectors 13 and 14 may be nmade from any
suitable nmetal or netal free electrically conducting
material. Suitable netal free nmaterials are e.g. carbon,
such as graphite, graphene, graphite sheets or carbon

m xtures with high graphite content. 1t is advantageous
to use a netal free electrode because netals are
expensive and introduce a risk of corrosion. The current
collector is generally in the form of a sheet. Such sheet
is herein defined to be suitable to transport at |east 33
Amps/ m2 and up to 2000 Anps/m2. The thickness of a
graphite current collector 13, 14 then typically becones
from 100 to 1000 micronmeter, generally 200 to 500

m cromnet er

The flow path 12 may conprise a spacer made of a

16
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pernmeable inert type material such as an open space
synthetic material, plastic and/or fiberglass.

The spacer may be made of a material that is electrically
insulating, but allows ion conductance. Suitable spacers
are for exanple the NI TEX® or PETEX® commercially
available from Sefar Inc., |IIl Calunet Street, Depew, NY
14043, USA, which are open nesh fabrics or filter
fabrics, nmade from polyam de or polyethyl eneterephthalte
The anion and cation exchange nenbranes 17 and 18 may
conprise a charge barrier, which is selective for anions
or cations, or certain specific anions or cations, and
which may be placed between the porous electrodes 15 and
16 and the spacer in the flow path 12. The charge barrier
may be applied to the high surface area electrode |ayer
as a coating layer or as a lamnate |Iayer.

Suitable nmenbrane materials may be honbgeneous or

het er ogeneous. Suitable nenbrane materials conprise anion
exchange and/or cation exchange nenbrane materials,
preferably ion exchange materials conprising strongly

di ssociating anionic groups and/or strongly dissociating
cationic groups. Exanples of such nenbrane materials are
NECSEPTA™ comercially available from Tokuyama Corp., PC
SA™ and PC-SK™ commercially available from PCA GrbH, ion
exchange nenbrane materials comercially available from
FuMA- Tech GrbH, ion exchange nenbrane materials RALEX™
commercially available from Mega or EXCELLI ON™

het er ogeneous nenbrane material comercially available
from Snowpure.

The porous electrodes 15 and 16 may be floating

el ectrodes that are not directly connected to a power
source but receive their charge from other electrodes in
a stack of CDI units 3 which are connected to an

el ectrical power source. Floating electrodes may be

positioned parallel and in between the master electrodes

17
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in a stack of CD units 3. An advantage of using floating
electrodes is that the voltages through the CD wunit 3

will be higher while the currents through CD wunit 3 wll
be lower. Electrical resistivity in the CDI unit 3 may be

lowered significantly by using floating electrodes.

EXAMPLE :

In this exanmple three different processes for
seawat er desalination are conpared, see table 1. In all
three processes a pre-treatnent step using a high-
performance nanof iltration step is applied to produce a

permeate which wusually has a TDS equivalent to brackish

wat er .
Stage 1 Stage 2

Process 1 high-performance Brackish water reversed
nanofiltration osmosis (BWRO) membranes

Process 2 high-performance high-performance
nanofiltration nanofiltration

Process 3 high-performance Capacitive Deionisation
nanofiltration (CDI)

Table 1: Conparison of three nmenmbrane processes for
seawat er desalination

Process 1 is a comonly applied nethod to produce
potable water from seawater based on nano-f iltration and
reversed osnosis.

Process 2 is a known dual stage Nano Filtration (NF)
seawat er desalination system described in US patent
7,144,511 by Diem Xuan Vuong. A disadvantage of this
known dual stage NF process is its lower overall recovery
rate conpared to process 1.

Process 3 describes the conbination of Nano-
Filtration with Capacitive De-lonization (CD ) in

accordance with the invention.

18
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In tables 2,3 and 4 bel ow,

three processes are presented.

It

can be seen that

produce a perneate quality that

required TDS specifications

(TDS=62 and 586 ng/L,

In order

W th

In contrast

raw seawater

to obtain the desired water

is

f or

does not

I OR or

performance data for

t he known Processes

respectively)

required.

Process 3 according

to the

neet

PCT/EP2012/076415

t he

1 and 2
t he
ECR pur poses

quality bl ending

i nvention is

speci fications wthout

able to produce the target water
the need for blending, resulting in significantly
operating cost.
Permeate from
Seawater Permeate from first 2nd stage
composition stage NF BWRO
mg/L mg/L mg/L
Caz+ 410 16 0,1
Mg2+ 1310 52 0,5
Na+ 10900 1635 24
K+ 390 62 1
Ba2+ 0,05 0 0
Sr2+ 13 0 0
Fe3+ 0,02 0 0
Mn2+ 0,01 0 0
Sio4 8 0 0
Cl- 19700 2758 36
SO2- 2740 55 0,3
F- 14 0 0
HCO3- 152 8 0,2
DS 35624 4587 62
Table 2: Performance data for Process 1 (Prior
Seawat er desalination using a NF-BWRO).
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Art :
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Seawater Permeate from first| Permeate from
composition stage NF 2nd stage NF
mg/L mg/L mg/L
Ca2+ 410 16 0,9
Mg2+ 1310 52 3
Na+ 10900 1635 218
K+ 390 62 9
Ba2+ 0,05 0 0
Sr2+ 13 0 0
Fe3+ 0,02 0 0
Mn2+ 0,01 0 0
Sio4 8 0 0
Cl- 19700 2758 353
SO2- 2740 55 1
F- 1,4 0 0
HCO3- 152 8 0,6
TDS 35624 4587 586
Table 3: Performance data for Process 2 (Prior
Seawat er desalination using a NF-NF |ine-up)
Seawater Permeate from first| Permeate from
composition stage NF CDI
mg/L mg/L mg/L
Ca2+ 410 16 8,2
Mg2+ 1310 52 26,2
Na+ 10900 1635 817,5
K+ 390 62 31,2
Ba2+ 0,05 0 0,0005
Sr2+ 13 0 0,195
Fe3+ 0,02 0 0,0002
Mn2+ 0,01 0 0,0001
Sio4 8 0 0,04
Cl- 19700 2758 1379
SO2- 2740 55 27,4
F- 1,4 0 0,098
HCO3- 152 8 3,8
TDS 35624 4587 2294
Table 4: Performance data for Process 3 (Seawater

desal i nation wusing a NF-CD

t he present

i nvention)
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The present invention is well adapted to attain the ends
and advantages nentioned as well as those that are

i nherent therein. The particular enbodinments disclosed
above are illustrative only, as the present invention may
be nodified and practiced in different but equivalent
manners apparent to those skilled in the art having the
benefit of the teachings herein. Furthernmore, no
[imtations are intended to the details of construction
or design herein shown, other than as described in the

clains bel ow. Wil e systenms and nethods are described in

terms of "conprising, "cont ai ni ng, or "including"
various conponents or steps, the conpositions and nethods
can also "consist essentially of" or "consist of" the
various conponents and steps. Wenever a nuneri cal
range with a lower limt and an upper limt is disclosed,
any nunber and any included range falling within the
range is specifically disclosed. In particular, every
range of values (of the form "fromato b," or,

equi valent Iy, "from a-b") disclosed herein is to be

understood to set forth every nunber and range

enconpassed w thin the broader range of values. Whenever
a nunerical range having a specific lower limt only, a
specific upper limt only, or a specific upper limt and
a specific lower limt is disclosed, the range also

i ncludes any nunerical value "about" the specified |ower
[imt and/or the specified upper limt. Also, the terns
in the clains have their plain, ordinary neaning unless

otherwise explicitly and clearly defined by the patentee.

Moreover, the indefinite articles "a" or "an", as used in
the clains, are defined herein to nean one or nore than

one of the elenment that it introduces.
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CLAIMS:

1. A nethod for Enhancing O Recovery (EOR) from an

oil bearing formation, the method conprising:
filtering at least sone solids from a source water
having a total dissolved solids content of from
10000 ppm to 50000 ppm in a filtration assenbly to
produce pre-treated water;

treating the pre-treated water in a Capacitive De-
lonisation (CDI) assenbly conprising at |east one
flowpath for pre-treated water arranged between a
pair of oppositely charged electrodes which adsorb
and thereby renove at |east some ions from the pre-
treated water flowing through the flowpath, thereby
producing treated water with a reduced salinity and
solids content; and

injecting the treated water with reduced salinity
and solids content into the oil bearing formation to

mobilize crude oil and enhance oil recovery.

. The nethod of claim 1, wherein the el ectrodes

conprise substantially parallel porous plates
conprising activated carbons that are electrically
charged by a Direct Current (DC) electrical power

source connected to the plates.

. The nmethod of claim 2, wherein the porous plates

conpri se carbon aerogel.

. The method of claim 1 or any one of clains 2-3,

wherein the filtration assenbly conprises a
capillary Nano Filtration (NF) or mcrofilter

assenbly .

. The method of claim 1 or any one of clains 2-4,

wherein the capillary NF or mcrofilter assenbly
comprises a NF assenmbly which generates pre-treated
water with a reduced hardness and sul phate

concentration relative to the source water and wth
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10.

11.

less than 1 parts per nmillion (ppm oil and I|ess
than 1 part per mllion (ppn) Total Suspended
Sol i ds (TSS)

. The method of claim 1 or any one of clains 2-5,

wherein the source water has a Total Dissolved
Solids (TDS) content between 30,000 and 40,000
ng/Liter and the treated water has a TDS content

between 1,000 and 5,000 parts per mllion (ppm

. The nmethod of claim 6, wherein the treated water has

a TDS between 2,000 and 5,000 parts per mllion
(ppm

. The nmethod of claim 7, wherein the treated water has

a lower salinity than pore water present in the
formation before initiation of treated water

injection .

. The nmethod of claim 7 or 8, wherein the treated

water has a lower ionic strength than pore water
present in the formation before initiation of
treated water injection.

The nethod of claim 1 wherein the source water
is selected from the group consisting of seawater,
bracki sh water, water produced from the oil bearing
formation, saline aquifer water, and m xtures
t her eof

A system for Enhancing G| Recovery (EOR) from
an oil bearing formation, the system conprising:

a filtration assenbly for filtering at |east sone
solids from a source water having a total dissolved
solids content of from 10000 ppm to 50000 ppm to
produce pre-treated water;

a Capacitive De-lonisat ion (CD) assenbly conprising
at least one flowath for pre-treated water arranged
between a pair of substantially parallel oppositely

charged electrodes which adsorb and thereby renove
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12.

13.

14.

15.

at least sone ions from the pre-treated water
flowing through the flowpath, for producing treated
water with a reduced salinity and solids content
relative to the source water; and

means for injecting the treated water wth reduced
salinity and solids content into the oil bearing
formation to nobilize crude oil and thereby enhance
crude oil recovery from the formation.

The system of claim 10, wherein the electrodes
conprise substantially parallel porous plates
conprising activated carbons that are electrically
charged by a Direct Current (DC) electrical power
source connected to the plates.

The system of claim 11, wherein the porous
pl ates conprise carbon aerogel.

The system of claim 10 or any one of clains 11-
12, wherein the filration assenbly conprises a
capillary Nano Filtration (NF) or mcrofilter
assenbly .

The system of claim 10 or any one of clainms 11-
13, wherein the NF or microfilter assenbly conprises
a NF assenbly which is configured to generate pre-
treated water with a reduced hardness and sul phate
concentration and with less than 1 parts per nillion
(ppm) oil and less than 1 parts per mnmillion (ppm of
Total Suspended Solids (TSS)

24
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