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1
USING GASES AND HYDROCARBON
RECOVERY FLUIDS CONTAINING
NANOPARTICLES TO ENHANCE
HYDROCARBON RECOVERY

CROSS REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application claims priority to U.S. Provisional
Patent Application No. 62/563,415, filed on Sep. 26, 2017,
which is hereby incorporated by reference in its entirety;
claims priority to U.S. Provisional Patent Application No.
62/697,321, filed on Jul. 12, 2018, which is hereby incor-
porated by reference in its entirety; claims priority to Euro-
pean Patent Application No. 17194608.0, filed on Oct. 3,
2017; and claims priority to United Kingdom Patent Appli-
cation No. 1811749.9, filed on Jul. 18, 2018.

FIELD OF THE INVENTION

The present invention relates to improved hydrocarbon
recovery methods using gases such as carbon dioxide,
nitrogen, natural gas, liquified natural gas, liquified carbon
dioxide and/or mixtures thereof in combination with func-
tionalized materials such as nanoparticles or mixtures of
nanoparticles.

BACKGROUND OF THE INVENTION

There are approximately 1.7 million active oil and gas
wells in the US. At this point in time, hundreds of thousands
of these oil and gas wells have declined or depleted to the
point of being marginally economical. As wells age, mul-
tiple mechanisms contribute to the production decline.

In addition to mechanical failures of a well’s infrastruc-
ture, the following formation damage accelerates the pro-
duction decline:

A drop in bottom hole pressure as the well depletes, which
decreases relative permeability and increases liquified
loading

Fines migration, mechanically induced by flow velocity®

Scaling, precipitates, paraffins/asphaltenes and clay swell-
ing

Water or condensate block

Fracturing (frac) hits

Enhancing well productivity has traditionally been done
using stimulation methods that increase the permeability of
the reservoir rock or lower the oil viscosity. Matrix acidizing
(see: “Sandstone Matrix Acidizing Knowledge and Future
Development”, by Mian Umer Shafiq and Hisham Ben
Mahmud, J. Petrol Explor Prod Technol (2017) 7: 1205-
1216), as a method of stimulation, is relatively inexpensive
but narrow in scope. Ideal candidates for this process
typically include wells in formations with a permeability of
>10 mD and where solids plug the pores near the wellbore
and/or at the perforations. The refracturing process is at the
other end of the spectrum. This can be used to stimulate
productivity, but it is a costlier option and riskier value
proposition, especially for unconventional wells.

Gases and Liquified Gases, such as carbon dioxide, nitro-
gen, natural gas, liquified natural gas and liquified carbon
dioxide have a long history of improving relative perme-
ability, providing energy and drive in miscible and immis-
cible recovery applications. Studies have shown that Huff n
Puff (hereinafter abbreviated as “HNP”) treatments with gas
have achieved particularly positive results on oil recovery
and short-term production (FIG. 2).
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Nitrogen-HNP has also shown very beneficial results in
field studies carried out in suitable formations in the Appa-
lachian Basin (see “Field Case: Cyclic Gas Recovery for
Light Oil Using Carbon Dioxide/Nitrogen/Natural Gas”,
written by B. J. Miller and T. Hamilton-Smith, SPE 49169,
Conference: SPE Annual Technical Meeting and Exhibition,
September 1998). HNP treatments for stimulating well pro-
duction are usually individual, cyclic well treatments com-
prising three phases: injection, soaking and production.

HNPs also provide important information on injectivity
and pressure communication with adjacent wells. As a
proven, single-well stimulation method, they can dramati-
cally increase production from stripper, depleted or low-
pressure oil wells. Under certain conditions, carbon dioxide
and nitrogen can become miscible with crude, lowering its
viscosity and thereby further enhancing recovery.

Over the years, carbon dioxide, nitrogen, natural gas,
liquified natural gas and liquified carbon dioxide HNP
treatments have been used as an affordable, effective means
of enhancing recovery. They are an ideal solution for mar-
ginal wells in advanced decline and an effective way of
stimulating reservoirs with poor inter-well communications.
More recently, studies have shown that HNP injection is a
more effective method for enhancing oil production from
shales than continuous gas flooding (see “Optimization of
huff-n-pufft gas injection in shale oil reservoirs”, written by
J. J. Sheng, Petroleum, 2017 and “Gas Selection for Huft-
n-Puff EOR In Shale Oil Reservoirs Based upon Experi-
mental and Numerical Study”, written by L. Li and J. J.
Sheng, SPE-185066-MS, 2017.)

Treatments can be applied multiple times to a single well
to support improved oil recovery (IOR) and enhanced oil
recovery (EOR). Small volumes of Carbon Dioxide can
generate significant increases in recoverable reserves and
production that provide quick payback as a result of that
increased production.

Nanoparticles have been at the forefront of research into
various applications in the oil and gas industry for at least a
decade now. Nanoparticles are usually particles under 100
nm in size and can be made up of various inorganic materials
such as silica, alumina and oxides of iron. Nanoparticles can
be structured to contain an inner core and an outer shell (see
“Nanofluids Science and Technology”, written by S. K. Das,
S. U. S. Choi, W. Yu, and T. Pradeep, Hoboken, N.J.: John
Wiley & Sons, Inc Publishing. ISBN 0470074736). Their
outer shell can be modified to alter their wettability. Nano-
particles (either unmodified or modified) can then be dis-
persed in an aqueous or organic medium such as water,
methanol or isopropanol and deployed. Nanoparticles are
highly versatile and can be designed for specific applica-
tions.

The true mode of action of nanoparticles in a reservoir
depends on how they are designed and deployed. However,
laboratory studies have shown that nanoparticles in disper-
sion can align themselves at the oil, aqueous, solid three-
phase contact angle (see “Spreading of Nanofluids on Sol-
ids”, written by D. T. Wasan and Nikolov, Journal of Nature
(423): 156-159, A. 2003.). The alignment of the nanopar-
ticles in a wedge between oil and rock generates what is
known as structural disjoining pressure, which helps create
a pressure gradient sufficient to lift an oil droplet off the
surface of the rock. This phenomenon results in increased oil
recovery rates and has been demonstrated in imbibition and
in-core flow tests (see “Spreading of Nanofluids on Solids”,
written by D. T. Wasan and Nikolov, Journal of Nature
(423): 156-159, A. 2003.).
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In the field, case studies have been reported that exhibit
the effectiveness of nanoparticle dispersions. In one field
trial, a silicon dioxide-based nanoparticle dispersion was
deployed in a hydraulic fracturing application (see “Appli-
cation of Nanofluid Technology to Improve Recovery in Oil
and Gas Wells”, written by P. M. Mcelfresh, D. L. Holcomb
and D. Ector, Society of Petroleum Engineers. doi:10.2118/
154827-MS, 2012, Jan. 1). The dispersion was deployed as
a pre-pad pill ahead of the pad stage in a fracture job for first
contact with the reservoir in five wells in the Wolfcamp and
Bone Spring formations in the Permian Basin. Field results
displayed significant increases in initial production of
around 20 percent compared with the type curves. These
rates appeared to be sustained for the successful wells even
in the presence of an offset fracture breakthrough. The
results also showed a decrease in the initial effective decline
rate.

Further references in this area include:

Carpenter, C., Journal of Petroleum Technology, Model-
ling of Production Decline Caused by Fines Migration in
Deepwater Reservoirs, February 2018; Eagle Ford Type
Curve, eia.gov/analysis/studies/usshalegas/pdf/usshale-
plays.pdf;

Wei, B., Pu, W, Pang, S., Kong, L., Mechanisms of N,
and CO, Assisted Steam Huff-n-Puff Process in Enhancing
Heavy Oil Recovery: A Case Study Using Experimental and
Numerical Simulation, Conference: Conference: SPE
Middle East Oil & Gas Show and Conference, January 2017;

Miller, B. I., Hamilton-Smith, T., SPE 49169 “Field Case:
Cyclic Gas Recovery for Light Oil Using Carbon Dioxide/
Nitrogen/Natural Gas”, Conference: SPE Annual Technical
Meeting and Exhibition, September 1998;

Sheng, J. J., Optimization off huff-n-puff gas injection in
shale oil reservoirs, Petroleum, 2017,

Li, L., Sheng, I. J., Gas Selection for Huff-n-Puff EOR In
Shale Oil Reservoirs Based upon Experimental and Numeri-
cal Study, SPE-185066-MS, 2017,

Palmer, F. S., Landry, R. W., Bou-Mikael, S. SPE 15497,
“Design and Implementation of Immiscible Carbon Dioxide
Displacement Projects (CO, Huft-Puff) in South Louisiana”,
Conference: SPE Annual Technical Meeting and Exhibition,
October 1986;

Das, S. K., Choi, S. U.S., Yu, W., and Pradeep, T. 2008.
Nanofluids Science and Technology. Hoboken, N.J.: John
Wiley & Sons, Inc Publishing. ISBN 0470074736;

Wasan, D. T., and Nikolov, Spreading of Nanofluids on
Solids. Journal of Nature (423): 156-159, A. 2003;

Mecelfresh, P. M., Holcomb, D. L., & Ector, D. Applica-
tion of Nanofluid Technology to Improve Recovery in Oil
and Gas Wells. Society of Petroleum Engineers. doi:
10.2118/154827-M8, 2012, Jan. 1 and

Syfan, F. E., Holcomb, D. L., Lowrey, T. A., Nickerson,
R. L., Sam, A. B., & Ahmad, Y. Enhancing Delaware Basin
Stimulation Results Using Nanoparticle Dispersion Tech-
nology. Society of Petroleum Engineers. doi:10.2118/
189876-MS, 2018, Jan. 23.

U.S. Pat. No. 4,390,068, “Carbon Dioxide Stimulated Oil
Recovery Process”, issued 8 Jun. 1983, describes and claims
a process of stimulating oil recovery using carbon dioxide in
the liquified state. The carbon dioxide is introduced into an
underground formation where it partially dissolves in the
crude oil present therein. A back pressure in the range of
atmospheric to approximately 300 psi is maintained on the
formation while the oil containing carbon dioxide is with-
drawn. The carbon dioxide is thereafter separated from the
oil.
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U.S. Pat. No. 5,381,863, “Cyclic Huff-n-Puff with Immis-
cible Injection and Miscible Production Steps” issued 17
Jan. 1995, describes and claims a method of recovering
hydrocarbons from a reservoir under an active waterflood or
water drive by injecting a recovery fluid comprising carbon
dioxide or nitrogen under immiscible conditions, allowing
the recovery fluid to soak, and producing the recovery fluid
and formation fluids under conditionally miscible or mis-
cible conditions after pressure has sufficiently increased in
the wellbore area.

U.S. Pat. No. 7,216,712 “Treatment of Oil Wells” issued
15 May 2007, describes and claims a method wherein
hydrocarbon solids are removed from an oil well by feeding
into the oil well a composition comprising at least 40 vol. %
dense phase carbon dioxide and at least 30 vol. % of a C, C,
alkanol component and optionally one or more surfactants,
under a pressure of 300 to 10,000 psia and a temperature of
90° F. to 120° F., holding the composition in the well to
solubilize hydrocarbon solids, and then removing from the
well a liquified composition comprising solubilized hydro-
carbon solids and alkanol. Gases such as Carbon Dioxide,
Nitrogen, Natural Gas and/or Natural Gas Liquifieds can
also be used in waterless fracturing of a suitable hydrocar-
bon-bearing formation.

The article, “Waterless fracturing technologies for uncon-
ventional reservoirs-opportunities for liquified nitrogen”,
Journal of Natural Gas Science and Engineering, 35 (2016)
160-174, by Lei Wang et al., describes waterless fracturing
technologies. During the past two decades, hydraulic frac-
turing has significantly improved oil and gas production
from shale and tight sandstone reservoirs in the United
States and elsewhere. Considering formation damage, water
consumption and environmental impacts associated with
water-based fracturing fluids, efforts have been devoted to
developing waterless fracturing technologies because of
their potential to alleviate these issues. Key theories and
features of waterless fracturing technologies, including Oil-
based and Carbon Dioxide energized oil fracturing, explo-
sive and propellant fracturing, gelled Liquified Petroleum
Gas (“LPG”) and alcohol fracturing, gas fracturing, Carbon
Dioxide fracturing, and cryogenic fracturing are reviewed.
Experimental results are shown describing the efficacy of
liquified nitrogen in enhancing fracture initiation and propa-
gation in concrete samples, and shale and sandstone reser-
voir rocks. In the laboratory study, cryogenic fractures
generated were qualitatively and quantitatively character-
ized by pressure decay tests, acoustic measurements, gas
fracturing and CT scans. The capacity and applicable of
cryogenic fracturing using liquified nitrogen are demon-
strated and examined. By properly formulating the technical
procedures for field implementation, cryogenic fracturing
using liquified nitrogen could be an advantageous option for
fracturing unconventional reservoirs.

The Linde Group, is one of the leading gases and engi-
neering companies in the world, working in more than 100
countries worldwide. The Linde Group is located in Kloster-
hofstrasse 1, 80 331 Munich, Germany 80331. Since the
early 1990s, Linde has deployed Huff’n Puff technology to
inject carbon dioxide into depleted wells to incrementally
increase oil production. Less costly than refracturing, Huff'n
Puff provides the energy to give hydrocarbons in low-
pressure zones the necessary lift to get them flowing to the
wellbore.

Nissan Chemical America Corporation is a leading manu-
facturer of colloidal silica and colloidal electro-conductive
oxide solutions. Located at 10333 Richmond Avenue, Suite
1100, Houston, Tex. 77042, Nissan Chemical America Cor-
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poration is a wholly owned subsidiary of Nissan Chemical
Corporation, Ltd. a Japanese company. Nissan Chemical
America Corporation offers colloidal silica products for sale
as well as Hydrocarbon Recovery Fluids incorporating col-
loidal silica products.

Improved oil recovery treatment methods play an increas-
ing role in the oil and gas industry, as existing fields become
depleted resulting in reduced production. What would be
desirable are new and modified well stimulation (remedia-
tion) methods to increase the recovery of hydrocarbons and
reducing the water cut from an underperforming well, pref-
erably using non-aqueous materials.

SUMMARY OF THE INVENTION

The first aspect of the instant claimed invention is a
process of stimulating hydrocarbon recovery comprising

(a) introducing a gas, a liquified gas or a vaporized
liquified gas, into an underground formation containing
hydrocarbons;

(b) permitting said gas or a vaporized liquified gas to be
absorbed by said hydrocarbons,

(c) withdrawing said hydrocarbons containing said gas,
liquified gas or vaporized liquified gas absorbed
therein; and

wherein a pill of Hydrocarbon Recovery Fluid comprising
surface functionalized nanoparticles is inserted into the
underground formation containing hydrocarbons,
before, during or after the introduction of the gas,
liquified gas or vaporized liquified gas.

The second aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein the injected gas, liquified gas or a vaporized
liquified gas and Hydrocarbon Recovery Fluid comprising
surface functionalized nanoparticles may also include one or
more injectants, selected from the group consisting of fresh
water, KCl water, diverters and any other injectant currently
used in oil field remediation as part of the treatment.

The third aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said pill of Hydrocarbon Recovery Fluid compris-
ing surface functionalized nanoparticles is inserted into the
underground formation containing hydrocarbons before the
introduction of the gas, liquified gas or a vaporized liquified
gas.

The fourth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said pill of Hydrocarbon Recovery Fluid compris-
ing surface functionalized nanoparticles is inserted into the
underground formation containing hydrocarbons during the
introduction of the gas, liquified gas or a vaporized liquified
gas.

The fifth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said pill of Hydrocarbon Recovery Fluid compris-
ing surface functionalized nanoparticles is inserted into the
underground formation containing hydrocarbons after the
introduction of the gas, liquified gas, or a vaporized liquified
gas.

The sixth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said gas is selected from the group consisting of
carbon dioxide, nitrogen, natural gas, liquified natural gas,
liquified carbon dioxide and/or mixtures thereof.

The seventh aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said gas is carbon dioxide.
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The eighth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said gas is nitrogen.

The ninth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said gas is natural gas.

The tenth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said gas is liquified natural gas, liquified carbon
dioxide and/or mixtures thereof.

The eleventh aspect of the instant claimed invention is the
process of the sixth aspect of the instant claimed invention
wherein said gas is a mixture of two or more gases selected
from the group consisting of carbon dioxide, nitrogen,
natural gas, liquified natural gas, liquified carbon dioxide
and/or mixtures thereof.

The twelfth aspect of the instant claimed invention is the
process of the first aspect of the instant claimed invention
wherein said process is part of a huff and puff treatment
process.

The thirteenth aspect of the instant claimed invention is
the process of the twelfth aspect of the instant claimed
invention wherein said process is a waterless fracturing
process.

The fourteenth aspect of the instant claimed invention is
the process of the thirteenth aspect of the instant claimed
invention wherein said process is a less water fracturing
process.

The process for stimulating hydrocarbon recovery com-
prises injection of a gas, such as carbon dioxide, nitrogen,
natural gas, liquified natural gas, liquified carbon dioxide
and/or mixtures thereof into an underground formation
containing hydrocarbons, permitting said gas to flush lig-
uids, such as condensate, water, etc. etc., and debris in the
near well bore area and to pressurize the well up to 500 psi.
In the event the gas is miscible in the crude oil, the gas will
cause it to swell and reduce viscosity. The stimulation
process includes combining injection of gas with a pill of
Hydrocarbon Recovery Fluid comprising surface function-
alized nanoparticles, which may be introduced before, dur-
ing or after the gas.

The surface functionalized nanoparticles have specific
unique properties that enables hydrocarbon production from
micro to nano sized spaces, including those spaces classified
as voids or fractures. The surface functionalized nanopar-
ticles may cause wettability alteration of solid/liquified
surfaces facilitating flow. The stimulation process involves
combining gas and Hydrocarbon Recovery Fluid comprising
surface functionalized nanoparticles which results in a
hydrocarbon production enhancement that is attributable to
synergistic effects.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Example of a production decline curve. Taken
from Palmer, F. S., Landry, R. W., Bou-Mikael, S. SPE
15497, “Design and Implementation of Immiscible Carbon
Dioxide Displacement Projects (CO2 Huff-Puff) in South
Louisiana”, Conference: SPE Annual Technical Meeting and
Exhibition, October 1986. Not an example of the instant
claimed invention.

FIG. 2. Comparisons of oil recovery using CO,, N,, and
steam HNP treatments. Figure taken from Wasan, D. T., and
Nikolov, Spreading of Nanofluids on Solids. Journal of
Nature (423): 156-159, A. 2003. Not an example of the
instant claimed invention.
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FIG. 3: Nanoparticles aligned at the three-phase contact
angle to support hydrocarbon recovery (see Wasan et al.,
2003). Not an example of the instant claimed invention.

FIG. 4. Cumulative oil production for the Austin Chalk
wells before and after treatment with N, and developmental
nanoActiv® HRT Hydrocarbon Recovery Fluid comprising
surface functionalized nanoparticles.

FIG. 5. Cumulative BOE production at the Buda wells
before and after treatment with N, and developmental nano-
Activ® HRT Hydrocarbon Recovery Fluid comprising sur-
face functionalized nanoparticles.

FIG. 6. The three phases of an HNP™ treatment.

DETAILED DESCRIPTION OF THE
INVENTION

Throughout this patent application the term “pill” has the
following definition: Pill—Any relatively small quantity of
a special blend of drilling fluid to accomplish a specific task
that the regular drilling fluid cannot perform. Fluid pills are
commonly prepared for a variety of special functions. Pills
are small quantities of drilling fluids and it is understood that
more than one pill may be added to a hydrocarbon forma-
tion.

The first aspect of the instant claimed invention is a
process of stimulating hydrocarbon recovery comprising

(a) introducing a gas, liquified gas or a vaporized liquified
gas, into an underground formation containing hydro-
carbons;

(b) permitting said gas, liquified gas or a vaporized
liquified gas to be absorbed by said hydrocarbons,

(c) withdrawing said hydrocarbons containing said gas,
liquified gas or vaporized liquified gas absorbed
therein; and

wherein a pill of Hydrocarbon Recovery Fluid comprising
surface functionalized nanoparticles is inserted into the
underground formation containing hydrocarbons,
before, during or after the introduction of the gas,
liquified gas or vaporized liquified gas.

The surface functionalized nanoparticles may be made
from any suitable material. Non-limiting examples of suit-
able surface functionalized nanoparticle materials include
ceramics, metals, metal oxides (e.g., silica, titania, alumina,
zirconia, vanadyl, ceria, iron oxide, antimony oxide, tin
oxide, aluminum, zinc oxide, boron, and combinations
thereof), polymers (e.g., polystyrene), resins (e.g., silicone
resin), and pigments (e.g., chromite spinel pigments). In
some embodiments, the surface functionalized nanoparticles
comprise a plurality of hydrophobized nanoparticles. In
some embodiments the surface functionalized nanoparticles
are surface functionalized colloidal silica nanoparticles.

It is generally well known in oilfield applications that
subterranean formations contain large amounts of water
containing dissolved salts such as NaCl, CaCl,), KCI,
MgCl, and others. This aqueous salt mixture is typically
referred to as Brine. Brine conditions for different regions
and wells vary widely with different downhole conditions
and lithologies. In general, fluids used downhole must either
tolerate briny conditions or have brine-resistant properties.

Colloidal systems in general and aqueous colloidal silica
rely primarily upon electrostatic repulsion between charged
silica particles to avoid unwanted or adverse phenomena
such as particle agglomeration, flocculation, gelation and
sedimentation. This electrostatic repulsion is easily dis-
rupted in briny conditions typically found in subterranean
formations. Furthermore, agglomeration/flocculation/gela-
tion/sedimentation of colloidal silica and fluids containing
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colloidal silica in downhole applications would have the
potential to damage the well or potentially plug the well
entirely. Therefore, application of colloidal silica in down-
hole applications necessitates imparting brine resistant prop-
erties to colloidal silica and fluids containing colloidal silica
before application.

In order not to gel upon exposure to brine (salt water), the
nanoparticles must have a surface functionalization that
stabilizes the colloidal silica. The surface functionalization
of the colloidal silica allows the colloidal silica to be
resistant to the effects of brine (salt water) and heat. Surface
functionalized colloidal silica are typically referred to as
“brine resistant silica sols”. Hydrocarbon Recovery Fluids
comprising surface functionalized colloidal silica are used,
along with gases described herein to effectuate the further
removal of hydrocarbons from underperforming wells.

Standard tests for brine stability are disclosed in the
following paragraphs:

API Brine by Visual Observation:

A 10 wt % API Brine solution is prepared by dissolving
8 wt % NaCl (SigmaAldrich) and 2 wt % CaCl,) (Sigma
Aldrich) in distilled water. Testing for Brine resistance is
done by placing 1 gram of example silica sol into 10 grams
of API Brine Solution. Stability observations are performed
at standard brine exposure periods of 10 minutes and 24
hours. These observations include the clarity and transpar-
ency of the silica sol. The results of these observations are
recorded at these times. Silica sol solutions that are stable to
Brine exposure will remain clear and transparent/opalescent
while unstable examples become visibly hazy and opaque
after brine exposure.

Artificial Seawater by Visual Observation

Artificial seawater is prepared by dissolving Fritz Pro
Aquatics RPM Reef Pro Mix (Fritz Industries, Inc.) at 6 wt
% in distilled water. Testing for Brine resistance is done by
placing 1 gram of example silica sol into 10 grams of
Artificial Seawater. Stability observations are performed at
standard brine exposure periods of 10 minutes and 24 hours.
These observations include the clarity and transparency of
the silica sol. The results of these observations are recorded
at these times. Silica sol solutions that are stable to Brine
exposure will remain clear and transparent/opalescent while
unstable examples become visibly hazy and opaque after
brine exposure.

API Brine Resistance Test by Use of a Turbidimeter

Reference: US EPA 180.1 Determination of Turbidity by
Nephelometry

A difference between this test and the US EPA 101.1 test
is that in this test, step 11.2 is not followed:

Step 11.2 reads as follows: Turbidities exceeding 40 units:
Dilute the sample with one or more volumes of turbidity-
free water until the turbidity falls below 40 units. The
turbidity of the original sample is then computed from the
turbidity of the diluted sample and the dilution factor. For
example, if 5 volumes of turbidity-free water were added to
1 volume of sample, and the diluted sample showed a
turbidity of 30 units, then the turbidity of the original sample
was 180 units.

For this work, the actual (“raw”) value of turbidity is
recorded, whether it is above, below or equal to 40.

Test solutions/surface treated silicasols are tested for
Brine resistance by Turbidimetry.

A calibrated Hach 2100AN Turbidimeter is used to mea-
sure Turbidity in units of NTU (Nephelometric Turbidity
Units).

Test solution amounts of 3.0 g are placed into standard
turbidity test tubes of approximately 30 ml.
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Twenty-seven grams (27 g) of 10% API brine (8 wt %
NaCl, 2 wt % CaCl,) are added to the test tube and the
mixture inverted three times to mix test solution and brine.
Test solution concentrations are therefore 10 wt % in API
Brine.

Sample test tubes are inserted into the Turbidimeter and
an initial measurement of turbidity is taken immediately,
followed by a turbidity measurement after 24 hours.

A change in turbidity of more than 100NTU leads to the
conclusion that the silica sol is not brine stable. Conversely
a change in turbidity of less than 100NTU after API brine
exposure leads to the conclusion that the silica sol is brine
stable.

Dynamic Light Scattering Method

Whether the silica particles in the aqueous silica sol are
dispersed or coagulated can be determined by measuring the
average particle diameter by dynamic light scattering (DLS
average particle diameter) for silica particles of the silica sol
in the chemical fluid.

The DLS average particle diameter represents the average
value of secondary particle diameter (dispersed particle
diameter), and it is said that the DLS average particle
diameter in a completely dispersed state is about twice the
average particle diameter (which represents the average
value of primary particle diameter in terms of specific
surface diameter obtained through measurement by nitrogen
adsorption (BET method) or Sears’ particle diameter). It
then can be determined that as the DLS average particle
diameter increases, the silica particles in the aqueous silica
sol is more coagulated.

In a case where the Hydrocarbon Recovery Fluid com-
prising surface functionalized nanoparticles has a good
resistance to high temperature and salt, the DLS average
particle diameter after a high temperature and salt resistance
test is almost the same as the DLS average particle diameter
of the chemical fluid. For example, if the ratio of the DLS
average particle diameter after a high temperature and salt
resistance test/the DLS average particle diameter of the
Hydrocarbon Recovery Fluid comprising surface function-
alized nanoparticles is 1.1 or less, it shows that the Hydro-
carbon Recovery Fluid comprising surface functionalized
nanoparticles after a high temperature and salt resistance test

10

15

20

30

40

10

maintains the similar dispersion state as that of the Hydro-
carbon Recovery Fluid comprising surface functionalized
nanoparticles. However, when the resistance to high tem-
perature and salt of the Hydrocarbon Recovery Fluid com-
prising surface functionalized nanoparticles is poor, the DLS
particle diameter after a high temperature and salt resistance
test is much larger, showing that the Hydrocarbon Recovery
Fluid comprising surface functionalized nanoparticles is in a
coagulated state.

For the Hydrocarbon Recovery Fluid comprising surface
functionalized nanoparticles if the ratio of the DLS average
particle diameter after a high temperature and salt resistance
test to the DLS average particle diameter of the Hydrocar-
bon Recovery Fluid comprising surface functionalized
nanoparticles is 1.5 or less (ratio of change of average
particle diameter is 50% or less), the conclusion reached is
that the resistance to high temperature and salt is good. If the
ratio of the DLS average particle diameter after a high
temperature and salt resistance test to the DLS average
particle diameter of the Hydrocarbon Recovery Fluid com-
prising surface functionalized nanoparticles is 1.1 or less
(ratio of change of average particle diameter is 10% or less)
there is no degradation of silica sol, the conclusion reached
is that the resistance to high temperature and salt is very
good.

After multiple tests of proposed brine resistant silica sols,
it has been discovered that brine resistance of aqueous
colloidal silica can be improved over untreated colloidal
silica by addition of certain types of organic surface treat-
ment. There are many different types of organic surface
treatments that can be used. What follows are tables showing
formulations for many acceptable surface-treated colloidal
silicas. These brine resistant silica sols are also known as
“surface functionalized” colloidal silicas.

In the following potential examples, each ingredient that
is used to create a surface treated colloidal silica, is listed as
Parts of Ingredient, per 100 parts of surface treated colloidal
silica.

ST-025 and ST-32C are commercially available colloidal
silicas from Nissan Chemical America Corporation, located
at 10333 Richmond Avenue, Suite 1100 Houston, Tex.
77042 or from Nissan Chemical Corporation, located at 5-1,
Nihonbashi 2-Chome, Chuo-ku, Tokyo 103-6119, Japan.



US 10,801,310 B2

12

11

001

001

001

001

001

001

001 &0l

61

11
oL

61

"1
oL

61

11
oL

61

"1
oL

61

11
oL

6'1

1T
oL

QUBISAXOTIOUILT)

[Adord(oure AR I(D)-¢

OUBTISAXOTIOUIL],

~(1Adorgourure[Ayewi(q-NN)-€

QUR[ISAXOIOUILI], [AUTA

QUBR[IS AU AXOylRUWILL]

QUBR[IS [AYION AxOyIUWIL]

ouRZR[ISI(] TAIPWERXIF]

T QURXOTISI(] TAYIOUWERXF]
SPHPAYUY oruoong

61 1&dord(jAIskxomonT)-¢
0l 109415 suaiddorg
11 Ioyem poazIIoR(
oL STOLS

€1

4!

11

028

L sjuaIpaIsuy

sordurexyq

00°001

00001

00°001

00001

00°001

00001 &0l

61

"1
oL

6'1

1T
oL

6'C

028
11
oL

6'C

028
T'TT
oL

6'C

028
11
oL

QJRTAIORTIOIN
T1Adord(1AT1sAxotowni] )-¢
QUR[ISAXOYIDWIN AR
-([Axoqookokxoda 1¢)-7
QUB[ISAXOION],
1Adordoprein-¢
[1Adord(Axoyjewr [Aueirxo)
-¢]&xomiounin) ‘ouells
QURYIDI[) APIXOUD[AYIRATOJ
-O-(JAdordATIsAX0I01IL)-N
SPHPAYUY O1UOINg

67 [Adord(TATIsAX0TRILL )-€

1T
oL

109415 suaiddorg
Ioyem poazIIoR(
STOLS

sordurexyq

sjuaIpaIsuy




US 10,801,310 B2

14

13

001

001

001

001

001

001

001 001

001

61

01
11
oL

61

01
"1
oL

6'1

028
T'TT
oL

61

028
"1
oL

61

01
"1
oL

6'C

4!
Tel
L

6'¢

6'C

028 8
11 Tel
SL 08

6'C

vl
0L

B0

SUE[IS

TAUIRIN AXOTIoUIIL],
ouRZR[ISI(] TAIPWERXIF]
QURXOTISI(] TAYIOUWERXF]
QJRTAIORTIOIN
T1Adord(1AT1sAxotowni] )-¢
QUR[ISAXOYIDWIN AR
-([Axoqookokxoda 1¢)-7
QUB[ISAXOION],
1Adordoprein-¢
1Adord(Axopowr
JAUBITXO)

-¢]&xomiounin) ‘ouells
QURIDIN
pIROUIAYIeL[0d-O
-(JAdordATIsAX0UIRIIL)-N
SPHPAYUY O1UOINg
[Adord(TATIsAxX0IR11 ] )-€
109415 suaiddorg

Ioyem poazIIoR(

STOLS

0€

6C

8¢

LT

9¢

4

¥ €

[44

sordurexyg

sjuaIpaIsuy

001

001

001

001

6'1

T'TT
oL

61

"1
oL

61

"1
oL

6'1
01

1T
oL

6'1

T'TT
oL

6'1

T'TT
oL

61

11
oL

61

"1
oL

Te30,

QUBISAXOIRINARO
aue[isAxoiewrnAdord
QUR[ISAXOYIOWINA20PEXOH
QUB[ISAXOTIOWIIIA1000S]
QUR[ISAXOIOWINA9(]
QUR[ISAXOIOWIIAXO
Que[IsAxorjourll], [£Inqosy
Que[IS([£02Pe100)AXOTIOUILL],
SPHPAYUY O1UOINS
[Adord(TATIsAxX0IR11 ] )-€
109415 suaiddorg

Ioyem poazIIoR(

STOLS

1

0¢

61

81

Ll

91

ST

1

sordurexyq

sjuaIpaIsuy

penunuod-



US 10,801,310 B2

16

15

00°001

00001

00°001

00°001

00°001

61

"1
oL

6'1

T'TT
oL

61
028

11
oL

61

11
oL

61

11
oL

Te30,

QUBISAXOYIRII-[A100
QUBISAXOTIOUILT)
-1Adorg
QUBISAXOTIOUILT)
-[AoopexoH
QUBISAXOTIOUILT)
-1£3000s]
QUBISAXOTIOUILT)
1Ko

QURIDIN
pIROUIAYIeL[0d-O
~(1AdoxdiA1sAx03011] )
-N

00410 auajAdorg
Ioyem poazIIoR(
STOLS

[44

84

(4

6¢

8¢

sordurexyq

sjuaIpaIsuy

001

001

001

001

001

001 001

6'1

1T
oL

61

11
oL

61

11
oL

6'1

T'TT
oL

61

11
oL

6'1 61

1T "1
oL oL

B0

QUBRISAXOUIOUILI-TAXOH
Que[IsAxorjourll], [£Inqosy
Que[Is(]Ao2peI100)
-AXOTJOUII],
QUBISAXOTIOUILT)
[Adord(ourueARI(D)-¢
OUBTISAXOTIOUIL],
-([Adordouture[Ayewi(q
-N'ND-€

QUR[ISAXOIOUILI], [AUTA
QUBR[IS AU AXOylRUWILL]
QURIDIN
pIROUIAYIeL[0d-O
-(JAdordATIsAX0UIRIIL)-N
109415 suaiddorg

Ioyem poazIIoR(

STOLS

LE

9¢

33

e

€€

[43 1€

sordurexyg

Juarparsuy

penunuod-






