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Abstract

Flowback aids have been long reported in the liteeaas being beneficial to enhance clean-up aftemlation treatments,
and in particular hydraulic fracturing. The goafas the flowback aids to allow the piston likewlback and return of fluids
from the reservoir resulting in minimal losses te tformation and no memory effect that hampers badduction.
Microemulsions have also been reported in theditee and a review (including patent landscapeateeesomewhat of a
myth around their exact mechanism of performancebamefit to the application.

The present work was concerned with the developroérfilowback aids based on micro-/nano-emulsiorhtedogy for
enhanced gas and oil recovery after fracturing iepipbn. The goal was to formulate microemulsiomaentrates which
form nanoemulsions when diluted into fracturingidiiand provide strong surface and interfacial itenseduction to
minimize reservoir damage.

Microemulsions have been formulated with varioussiwe surfactants and oil systems. The performaifidbe different

formulations has been evaluated with different testhods, adopted from literature and industry Ipeattice in order to
screen for most promising microemulsion systemsa@dpared to their aqueous equivalents to deterthg@erformance
benefits offered by emulsified packages. High thlqut experimentation and robotic formulation wéitzed to screen

several thousand formulations from nearly 50 défgrsurfactant packages. This allowed for incredgyinergistic properties
to be discovered very quickly and efficiently. Tdevelopment of a new class of microemulsion packhgeis made up of
almost 100% renewable and environmentally frierdigjnponents has made a large step change towardtatheof the art of
this class of flowback aids.

Regain permeability and core flow testing was prenfed on the best performing microemulsion formoladi to determine
the effect of field application. The result of thieork was that microemulsions do offer some beseafiver individual

surfactants, not so much in surface tension maditia but very much on the non-emulsification afde oil and water and
multiphase flow in porous media — so often seethaprimary damage mechanism in oil well fracturing

Introduction

Hydraulic fracturing is a technique used to stinmiléhe production of an oil or gas well. Since $taml Oil & Gas
Company introduced hydraulic fracturing in 1949 g®| 1949), more than 2.5 million fracture treattsehave been
performed worldwide. Some believe that approxinya@&)% of all wells drilled today are fractured evieefore primary
production begins. Fracture stimulation not onlgréases the production rate, but it is crediteti aitding to reserves which
otherwise would have been uneconomical to devdiopddition, through accelerating production, netsgnt value of
reserves has increased. Horizontal drilling andréayic fracturing have been essential keys in endoally producing oil
and gas from unconventional resources such as ghajeshale oil and coal bed methane.
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Today, a hydraulic fracturing job often comprisegltiple stages including injecting a pre-pad, a,mag@roppant containing
frac fluid and finally a treatment with flush fligdin a typical frac jobs, 2 to 10 million gallooswater is injected downhole
in the form of frac fluids. Various chemicals presén frac fluids including: viscosifier, cross-ker, friction reducer,

surfactants, scale inhibitors, clay control ad@isivHS scavengers, biocides and corrosion inhibitorsh gdaying a vital

role in success of a frac job. A fractured well slogach its maximum production potential until ttae fluids are completely
removed and displaced by formation fluids. Soméhisf water is lost in the formation, but 25 to 7@%t returns to surface
within 1 to 3 months. A challenge in hydraulic friaing, especially for tight formations, is asseethwith remediation of
formation damage caused by frac fluid invasion thioporous media of the reservoir and formatioaildivater emulsions.

Modification of surface and interfacial propertiage keys to a successful remediation of formatiamage, enhancing
permeability to oil and gas and recovering fluidtibed into the formation and trapped in proppedtiires. Surfactants
were introduced early to hydraulic fracturing (Gaatet al, 1959) to deliver above properties, and exteridenl application
into stimulation by acidizing (Poetkett al, 1961). In 1968, Gogarty and Tosch (1968) fromrdftaon Oil Company
introduced a new recovery process for producingunder both secondary and tertiary conditions thiizes the unique
properties of micellar solutions known as microesians. Laboratory and field flooding data provedttthe process was
technically feasible and that surfactant losseadsorption on porous media were small. In a papblighed by Baet al.in
1974, authors challenged the oil- and water-extem&roemulsions versus aqueous surfactant systeomsprising
petroleum sulfonates and co-surfactant. They fotlvad the oil-external microemulsion exhibits botigher retention on
reservoir and higher oil-water interfacial tenstbat other two systems. The oil-external systemyeher, showed a better
tolerance for brine and divalent ions. It was cadeld that the aqueous solution would be bettercehamong the systems
tested of surfactant formulations.

During the past decade microemulsions have gainee fimterests in hydraulic fracturing (e.g. Purséeyd Penny, 2004;
Paktinatet al, 2005). It has been demonstrated that wells ddeatith fluids containing microemulsion flow backda
additives were more productive than well treatethwiaditional surfactants. Several commercial genulsion flow back
aids have been introduced to the market, which wefimed as complex formulations consisting of actdint, co-surfactant,
mixture of solvents and water. Enhancing the gatien and cleanup of water based frac fluids dt@ving higher fluid
return and hydrocarbon production are among comattiibutes to such additives. Even after yearsngflémentation, a
fundamental question remains to be answered: is tieally a significant advantage for using micraésion versus aqueous
surfactant systems? This paper is an attempt toeasidsome key aspects in evaluating microemulsiomuflations and
presents a new class of microemulsion packageighaitade up of almost 100% renewable and enviroratigritiendly
components. The work has made a large step changeds the state of the art of this class of flogkbaids.

With development of horizontal drilling and hydreufracturing in recent years, there are growingosons to potential
environmental risk for water pollution by frac chieals. Among pathways for water contamination byraylic fracturing,
wastewater disposal has been proven to be sevetaisoof magnitude higher risk that the other fpathways. Pressure
pumping companies together with chemical spec@dtypanies have taken initiatives to address theseecns by utilizing
more environmentally acceptable alternatives irt filaids. Reducing toxicity and increasing biodetakility to lessen
ground water contamination risk are essential irettging new chemical additives for hydraulic friaing.

Another industry challenge is dealing with use ohé water, produced water and frac flow back watih high salinity

(TDS of 200,000 ppm or above) instead of fresh whie frac fluids. There are a number of chemiadditives including

surfactants that suffer from salinity higher thah(®O0 ppm. Multivalent cations such as calcium, mesgum, barium and
iron present in flow back water offer even morelligmges for traditional chemistries and productsheW facing higher
downhole temperatures (above 12D or 250°F), a number of common products fail to functioniveédsity of reservoir
hydrocarbon fluids gives another dimension to thaplexity of the above challenges.

Microemulsions

Microemulsions are unique dispersions of oil in evabr water in oil, stabilized by a surfactant arwsurfactant. The
formation of such a mixture was first reported bgad and Schulman in the 1940s when they noticedipdura of
hydrocarbon and surfactant turned milky to cleaittm addition of alcohol (Hoar and Schulman, 19&hulman and his
colleagues introduced the term “microemulsion” 852 (Schulmanet al, 1959) The ability of microemulsions to
simultaneously solubilize either aqueous or orgaoimponents while remaining isotropically clear danermodynamically
stable attracted much attention, particularly i 1#970s for use in enhanced oil recovery. Microsioualcan be described as
system containing water, oil and amphiphile whishai single optically isotropic and thermodynamicadtable liquid
solution (Danielsson and Lindman, 1991).

Historically, three approaches have been usedptaiexmicroemulsion formation and stability. Theg as follows:
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* Interfacial or mixed film theories
*  Solubilization theories
e Thermodynamic treatments

The free energy of microemulsion formation can desidered to depend on the extent to which sunfaddavers the surface
tension of the oil water interface and change tnogry of the system such that,

AGr =yAA - TAS

Where,AGt = free energy of formation, = surface tension of oil water interphaA#, = change in interfacial area (A) of
microemulsion, T = temperature aA& = change in entropy of the system. It should ddtedthat when a microemulsion is
formed, A is very large due to the large numbewearfy small droplets formed. In order for a microdsian to be formed
(transient) a negative value A6 is required. It is recognized that while value#f is positive at all times, it is very small
and is offset by the entropic component. The dontirfavorable entropic contribution is very largesmirsion entropy
arising from the mixing of one phase in the othethe form of large number of small droplets. Hoem\there are also
expected to be favorable entropic contributionsiag from other dynamic processes such as surfadiffosion in the
interfacial layer and monomer-micelle surfactanttenge. Thus a negative free energy of formati@aciseved when large
reductions in surface tension are accompanied dgifsiant favorable entropic change. In such caseigroemulsion
formation is spontaneous (requiring no physicargpéput) and the resulting dispersion is thermmaipically stable.

According to Winsor, there are four types of miecm#sion phases exist in equilibria; these phaseseferred as Winsor
phases:

1. Winsor I: With two phases, the lower (o/w) microdsion phases in equilibrium with the upper excabs o
2. Winsor II: With two phases, the upper microemulsgdrase (w/0) microemulsion phases in equilibriurthuower
excess water.

3. Winsor lll: With three phases, middle microemulspmase (o/w plus w/o, called bicontinous) in edpilim with
upper excess oil and lower excess water.
4. Winsor IV: In single phase, with oil, water and faictant homogenously mixed.

Microemulsions are dynamic system in which therfiatee is continuously and spontaneously fluctuati@ggarty and
Tosch, 1968). Structurally, they are divided irotbin water (o/w), water in oil (w/0) and bi-contious microemulsions. In
w/o microemulsions, water droplets are dispersdtiencontinuous oil phase while o/w microemulsians formed when olil
droplets are dispersed in the continuous aqueoasephn systems where the amounts of water angr@ikimilar, the bi-
continuous microemulsions may result (Lam and Stteec1987). The mixture oil water and surfactarts able to form a
wide variety of structures and phases depending thp® proportions of components (Hellweg, 2002).

The characterization of microemulsions is a diffidask due to their complexity, variety of strues and components
involved in these systems, as well as the limitetiassociated with each technique but such knowlexdgssential for their
successful commercial exploitation. Phase behasiodies are essential for characterization of stafd systems and
development of phase diagram that provide inforomaton the boundaries of the different phases asinatibn of
composition variables, temperatures, and, more itap structural organization can be also inferRitase behavior studies
also allow comparison of the efficiency of diffeteurfactants for a given application. In the phlaskavior studies, simple
measurement and equipment are required. The bdesdsdrone-phase region can be assessed easilgim®} vbservation of
samples of known composition. The main drawbadkrg equilibrium time required for multiphase regi@specially if a
liquid crystalline phase is involved.
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Figure 1. Schematic ternary phase diagram of water—oilastatht mixtures representing Winsor classificatiod probable
internal structures. L1, a single phase regionoofral micelles or oil-in-water (o/w) microemulsidr®, reverse micelles or
water-in-oil (w/0) microemulsions; D, anisotropamellar liquid crystalline phase. The microemuls®marked byiE, oil
by O and water by W (Adapted from Paul and Mowi@01)

Experimental

Crudeail

The crude oil used for the formation response amdikiition testing was Bakken crude oil obtainednirthe Southwest
corner of Manitoba. This oil (Bakken 1) is relativéight with an API of 42, and was sweet with aviiscosity. The crude
oil contained a notable amount of wax and asphaltdatermined by solvent extraction to be 5 an@tr&spectively. The
Bakken shale in Southwest Manitoba (Bakken 1) lstikeely immature, shallow, and thin compared te Bakken crude oil
(Bakken 2) from Saskatchewan. As shown in a contipar&C analysis, the Bakken 1 used for the foramatiesponse
testing had a relatively lower concentration ofp.Calkanes compared to the Bakken 2 that was usedFHbrand
demulsification studies.

Carbon Profile using High Temperature Gas Chromatography

All measurements were done on a Perkin EImer M@ii@ius-680 Gas Chromatograph with an FID deteator equipped
with universal programmable Split-Splitless (PS&) programmable on-column (POC) injectors desidre ifistrument was
interfaced with a desktop computer running withal @hrome Workstation software Version 6.3.2 todiarthe integration
and reports. Separation was achieved on a ElitesS&C capillary column (# 1148134) of 5 m x 0.58115ize and 0.1Qm
film thickness. Crude oil samples were dissolvedarbon disulfide (spectranalyzed grade from FiSwentific) and 0.5uL
of this solution was injected into the device. Mmfeerature programing from 5C to 430°C at 10°C/min was applied. This
method can measure % paraffin frony @ Cigoin crude oil.

Surfactant Flowback Aids

Five commercial products and a new surfactant pgeelkgptimized for Bakken conditions have been evathian this study.
A new renewable and environmentally friendly sutdat package was formulated into an aqueous andoemulsion
system with identical surfactant contents. A basiscription of surfactant formulations used as Hagk aids in this work ha
beens summarized in Table 1. Products were usadabcentration of 1L per 1000L of frac fluids,catsted as one gallon
per thousand gallons of fluid (1gpt), or otherndsated.



SPE 173729 5

Table 1. Description of surfactant formulations used irstiork

Chemical Identifier Description

SFBA-1 Siloxane Surfactant Blend

SFBA-2 Phenolic Resin / non-ionic Surfactant Blend

SFBA-3 Anionic Surfactant Blend

SFBA-4 New Surfactant Package Optimized for Bakken

MESBA-4 Microemulsion of New Surfactant Package Optimized for Bakken
MESFBA-5 Nanofluid Surfactant Package

MESFBA-6 Nanofluid Surfactant Package

Surface and I nterfacial Tension Measurements

All surface tension measurements were done on askikil00C-Mk2 Tensiometer using the Wilhelmy platetimd at room
temperature. 0.1 gram of each surfactant produst weasured and then brought up to 100 gram usingadgr, or KCI

brines. The solution was allowed to stir for 10 utés in order to ensure homogeneity. SFBA-2 suafacsolutions had
small particles floating in the solution even afbeing stirred for 15 minutes. Therefore, solutiorese filtered off using a
0.45 micron filter before measurement. Interfatéalsion measurements were conducted via Drop dHiefieod using either
a TECLIS Tracker H or Kriiss DSA100 by fitting theape of the drop (in a captured video image) tovtheng-Laplace
equation. Measurements were done in triplicatesandverage reported for each surfactant solution.

High Throughput Experimentation and Phase Diagrams

For evaluation of characteristics and phase diagm@enewable and environmentally friendly sudiats, High Throughput
Experimentation (HTE) was utilized to formulate noiemulsion with different oils and surfactants. Teeriments were
carried out on a “Swing Emulsifier” platform proeid by Chemspeed. Automated high output solutiohamee efficiency
and productivity for experimental workflows and dssplayed in Figure 1. As indicated it consistsddaogravimetric
dispenser unit, a four needle head liquid dispensdr racks for the formulation flasks (which ifs&as on a shaking frame
used for mixing the formulations), the compounceresirs and a capper/crimper device.

4 needle head

volumetric dispenser

High viscous
gravimetric
dispenser | Raw material

reservoirs

Capperfcrimper
Vial rack placed on

heat/ stirrack

Figure 2. Image of “Swing Emulsifier” platform and robotiadls used for the microemulsion formulations

In order to formulate the many different samplésyas essential to exactly dispense the variouspoomds with different
viscosities. This was achievable due to the higbogity dispensing unit that could dispense mdseréanging from very low
viscous liquids to very viscous wax-like pastese Tispensing parameters had to be optimized fan eampound taking
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into account droplet size and viscosity to be ablachieve fast dispensing with high precision.

Figure 3. Image of a) the used “Swing Emulsifier” platforin),the dispensing unit, c) close up of the dispenanit and d)
all samples which have been prepared

The exact data for each dispensing step is regitier a log file which can be exported into a exsgread sheet. With the
gravimetric dispenser unit the composition of eaample is always known regardless the error condptareéhe specified
amount. Depending on the sample composition, the for preparing one sample is between 3 and 6 Foinexample, for a
set of experiments when composition is restrictediliout 50% aqueous phase, 17% oil phase, 5% verschnd 28%
surfactants mixture, the whole pack of 300 sampéesbe prepared and measured in 36 hours. In tris, Wwigh throughput
experimentation and robotic formulation were uéitizto screen several thousand formulations fromiiyné® different
surfactant packages.
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@ Gel, Emulsion

® Microemulsion
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Surfactant 3 _— Surfactant 2

Figure 4. Three components phase diagram and photos oIerr an HTE run. The amples which givetase
transparent microemulsions (ME) are highlighted

Adsorption Studies of Flowback Aidswith QCM-D

Quartz Crystal Microbalance with Dissipation moritg (QCM-D) is a powerful analytical tool to chaterize the
formation of thin films (nm).The instrument is based on a sensor that oscilkttes specific frequency when voltage is
applied. The frequency of the oscillation changesh® mass on the sensor changes. Turning off aliage causes the
oscillation to decay. The dissipation factor isatetl to the elasticity and viscosity of the molacdhyer on the sensor.
Measuring the frequency and dissipation allowsahalysis of the state of molecular layers bountthéosensor surface, their
mass, thickness and structural (viscoelastic) ptgse

All QCM-D measurements were performed on a Q-sé&dssystem which has 4 flow modules (Gothenburg,d&ng where
2 were used. Using the E4 instrument mass and elsstic properties of molecular layers which build at the sensor
surface can be determined. All measurements wede ma22°C using silica and alumina sensors. Téieument collected
first, third, fifth, seventh, and ninth harmonidstiee fundamental resonance frequency.

In order to get a reliable measurement, the follmatleaning protocol was adopted. The silica andnala coated quartz
sensors were rinsed with excess deionized watem ey were place in a suitable holder and plated3 w% Hellmanex
[l cleaning solution and sonicated in an ultrassiath for 30 min. After that the crystals weresed with deionized water
and dried with pressurized air. Two sensors wemneoted in parallel and were initially flushed witleionized water
pumped at a constant flow rate of 200/min. After a stable reading was obtained using deionized water, experiments
were carried out for two different sample conceidres 0.1 and 0.5 wt% and passed through the sextsiconstant flow
rate.

Sand Column Adsorption

A 25 x 1.5 inch chromatography column packed weld was utilized to compare desorption of an agsiesaufactant
versus the same surfactant blended into a stalgiemulsion onto the sand surface. The column iled fvith 40/70 mesh
sand and pre-saturated with 3% KCI brine. The paeime was measured as the volume of brine that weasl to
saturate/fill the column. The test solution conit@n3% KCI and the surfactant at a loading of 1 gt then injected into
the column at a rate of 50 ml/min. The effluent wallected over certain pore volume intervals gscition was occurring
and retained for surface tension determination.

Measuring the surface tension of the effluent floyvirom the pre-saturated sand column during aastaft treatment
injection acts as an indication of the adsorptifiact of the surfactant onto the silica. If thefage tension quickly dropped,
it would indicate that the surfactant stayed inusoh and rapidly propagated through the sandhéf surface tension
remained high (surface tension of initial bringéjndicated that adsorption was occurring.

Zeta Potential Measurement

Zeta potential values of fine silica flour and kaité was determined by microelectrophoresis onadvirn Zetasizer Nano
ZS. The solids analyzed had a size between 3 ami@@ns. The concentration of silica flour or Kaiie was set at 5 g/L of
brine solutions with a pH between 4.0 and 10.0 aming the effect of the addition of 1 gpt of sutéat.
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The Zeta potential is defined by the charge thaelbps at the interface in the boundary of hydreayit shear between
solid surfaces as product of the electrostatic Isépu and the attractive forces related to the Yoem Waals Forces. Zeta
potential is therefore a function of the surfacarge of the particle, any adsorbed layer at therfiate, and the nature and
composition of the surrounding suspension mediugata potential can be affected by changes in pHdwuctivity of the
medium (salinity and kind of salt) concentrationpafrticular additives (polymer, surfactants, etZgta Potential values
comprehended (-20 and 20 mV) reflects the effeativarge is low enough in the particles that thailspn between them
are lowered to one point where flocculation, coatioh and aggregation could occur (Reed, 1995;m8aB011).

Amott Cell Imbibition

Amott cells were used for spontaneous imbibiticstitey, specifically to compare the release of craildrom a core when
exposed to a variety of blends of brine and suafaist Grey Bandera Sandstone core plugs wereedtifiar this testing and
had an approximate permeability of 1 to 2mD. Theanldry cores were initially pre-saturated underuvan with Bakken
crude oil. The mass/volume of oil uptake was deteech gravimetrically. The saturated core plugs wen placed into
Amott cells containing various treatment solutiomsde up of 3% KCI brine and surfactants at a canaton of 1 gpt. The
release of crude oil was then recorded as cumelatume over time and normalized to the volumeibthat was initially

imbibed into the core. The testing was conductad@mn temperature and oil release was monitored fogriod of 7 days.

Core Flow-Regained Permeability

Core flow testing was performed using a Chandlegigering Formation Response Tester (FRT). Stan@Gaey Berea
cores (1.5” diameter by 3" length) were used fa thsting and had an average initial permeabititkeérosene of 100 to
150mD; the mineralogy of Brea core is given in BaBl The cores were initially vacuum-saturated \8#h KCI brine. A
confining stress of 1500 psi was applied and thie bolder was heated to D A back pressure of 100 psi was applied. The
core was then further saturated under pressurdeanperature with 3% KCI brine at 1, 2, 3, and 4mib/in the injection
direction. Initial permeability to oil was then fksene or Bakken crude oil) was established at febes ranging from 2 to 4
mL/min in the production direction. Permeabilitasvconsidered stable when a variation of less %% was observed
over 5 pore volumes during injection. The treathfluid (3% KCI water plus the surfactant) wasrthiajected (Injection
direction) for a total volume of 24 pore volumesngs2 to 4 mL/min. The core was shut in overnighs firs) and then oil
was injected in the production direction at the sdiow rates that initial permeability was deteredrnto record the regained
permeability.

Table 2. Mineralogy of core sample

Mineral Phase Content
Quartz 86%
Kaolinite 5%
Feldspar 3%
Chlorite 2%
Calcite 2%
Dolomite 1%
lllite 1%

Results and Discussions

Five commercial products and two new surfactanhfdations were used in this study as flowback &dsise in hydraulic
fracturing applications. The new formulations werade of renewable and environmentally friendly actdnts in the forms
of an aqueous blend and an oil-in-water microernlsHigh throughput experimentation and robotiorfolation were
utilized to screen several thousand formulatiomsnfmearly 50 different surfactant packages in dgiah new flowback
aids. Final selection was achieved after comprahenssting of the top 4 candidates based on kegtional properties. The
initial goal was to develop products that delivemshsistent and robust performance in a wide rafgemperature and
salinity for hydrocarbon fluids recovery from oihé gas wells. Surface tension of all products testas measured in DI
water and 5% KCI brine. As shown in Table 3, bajneous and microemulsion forms of new surfactankage (SFBA-4
and MESFBA-4) gave lowest surface tension with ffiece from salinity.
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Table 3. Surface tension of surfactants used in this stAtlymeasurements are done at°’5

Chemical Identifier Surface Tension (mN/m)
DI water 5% KCI

SFBA-1 35.0 30.2
SFBA-2 29.7 28.6
SFBA-3 35.6 29.0
SFBA-4 27.3 27.6
MESFBA-4 27.2 27.8
MESFBA-5 40.1 38.5
MESFBA-6 344 33.5

Two crude oil samples used for the study were frioenBakken obtained from the Southwest corner afildaa (Bakken 1)
and from Saskatchewan (Bakken 2). Bakken 1 and &akkcontained a notable amount of wax and aspiealfes shown in

a comparative GC analysis (Figure 5), the Bakkenséd for the formation response testing had aivelgtlower
concentration of C10+ alkanes compared to the Bakkéhat was used for IFT and oil/water separasimlies. Bakken 2
had a wax appearance temperature (WAT) of 38.d@s measured by DSC method, indicating wax anaffpaprecipitation
can occur at room temperature leaving lighter cindaulk liquid phase. This is reflected in diffages in IFT measurements
at 25, 50 and 75C. As shown in Table 4, separation of higher mdecweight wax and paraffin at room temperature
results in artificially lower IFT for hydrocarboiglid phase. Therefore, all experiments utilizingkBen 2 were performed
at 50°C.

Interfacial properties of Bakken 2 were studied% KCI brine comprising all surfactant formulatiodss shown in Figure
6, SFBA-3, SFBA-4, MESFBA-4 and MESFBA-5 providexivest interfacial tension compared to other préslutt is

noteworthy to mention new surfactant packages eedy equivalent IFT reduction. This was further gred by
demulsification tests where SFBA-4 and MESFBA-4 ggdest water-oil separation followed by SFBA-3. 8goaphs of
Bakken 2 and brine interfaces are shown in Figure 7
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Figure 5. Comparison of carbon distribution of Bakken credlesamples measured by HTGC analysis
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Table 4 — Interfacial tension (mN/m) of Bakken 2 crudeatil5, 50 and 7%C as a function of salinity.

Temperature DI water 5% KCI 10% KCI
25°C 15.16 7.30 5.32
50°C 23.35 18.45 15.30
75°C 23.43 17.78 14.90

20
18
16 |
14
m Blank
12 SFBA-1
T mSFBA-2
% 101 mSFBA-3
= 1 8.6 mSFBA-4
= s W MESFBA-4
6.5 B MESFBA-5
6 - MESFBA-6
4 {
2 1

Figure 6: Interfacial tension of Bakken 2 crude oil withpt@f surfactant in 5% KCI brine at 5C

SFBA-1

MESFBA4 %
Figure 7. Photographs from oil/water interfaces from deirifigkgtion tests using Bakken 2

MESFBA-5

MESFBA-6

Amott Cell Imbibition

As shown in Figure 8 when no surfactant was preseamtrelease of oil from the core plug was verywsloFurther
interpretation of results indicated that varyingfactant chemistry obviously affected the reledseilpregardless of whether
IFT was low or the demulsification properties wetentifcal. When referring to the IFT results irg&ie 9, the product that
gave the lowest IFT did not result in the bestppdduction. Of interest is that in the case of $hene surfactant chemistry
(SFBA-4 vs. MESFBA-4), the micro-emulsified versiohthe same surfactant improved the oil recovang in this data set
gave the best result overall. This would lead t® tlonclusion that putting a surfactant into micnadtsified state may
improve its performance in regards to oil displaeatirecovery.
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Figure 8. Bakken 1 crude oil desorption over 7 days usinfpstants at 1gpt dosage

Also of note was that the top oil recovery resuléese very close between 2 nano/micro emulsifiedipets (MESFBA-4 and
MESFBA-5) and a simple aqueous surfactant, SFBAFBis could indicate that achieving the best ofloreery may not be
related to a micro/nano emulsion formulated suafaict but more simply the right surfactant chemisfoy that
test/application.
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Figure 9. Interfacial tension of Bakken 1 crude oil withpi@f surfactant in 3% KCI brine at 2&

Core Flow-Regained Permeability Tests

When measuring the regained permeability to kemsiémvas observed that using no surfactant (Blavdqgld result in some

impairment to permeability (76% regained), likelyedto oil-water mixing and a slight emulsion tendenThe addition of

any of the surfactants used in this study improttesl regained permeability. The best performing asteints actually

stimulated the resulting in higher than 100% regdipermeability to kerosene. A result of highgeantti00% regained
permeability would indicate that initial permeatyilio oil was somewhat hindered by the brine-dieractions, potentially
due to higher interfacial tension or emulsion fotiova The addition of the correct surfactant cothldrefore yield a result
that is superior to the initial permeability. Thegtperforming surfactants in this testing includea of the SFBA-3 and the
SFBA-4. In this data set, the micro-emulsified foofithe same surfactant (MESFBA-4) slightly undefpened compared
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to its aqueous version (SFBA-4), leading to thechasion that in the case of regained permeabilgi@ation by this test
procedure, a standard optimized aqueous surfactapperform as well or better than a micro/nanosifietl formulations.
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Figure 10. Core flow regained permeability rates using suiefats at 1gpt dosage (Kerosene)

Table5. Interfacial tension (mMN/m) of Kerosene in 5% K@lthe presence of surfactants.

Surfactant DI water 5% KCI
None 19.5 14.5
SFBA-1 8.1 1.7
SFBA-2 7.2 4.5
SFBA-3 4.1 2.9
SFBA-4 2.1 2.2
MESFBA-4 2.2 2.2
MESFBA-5 3.5 2.1
MESFBA-6 6.5 6.3

Regain permeability testing was repeated using Bakk crude oil but utilized a smaller selectionsaffactants that had
exhibited the best results in previous IFT, denfigksiion, and imbibition studies with the Bakkerude. In this testing, it
was observed that the SFBA-4, an aqueous surfadipiimized for the Bakken crude oil yielded the tbesgained

permeability with a result of 87% as compared t&56r a commercial nano-emulsified surfactant. Addserved was that
taking the best performing agueous surfactant amohilating it into a microemulsion (MESFBA-4) didthnecessarily
hinder performance, but did not appear to imprdwe performance in regards to regained permeahibing these test
procedure. Of interest was that the regained pdrilitgadata with the Bakken crude oil seems to etate closely to the
IFT’s recorded with the same crude oil, where thedr IFT's (Shown in Figure 9) correspond to thghlerr regained

permeabilities.
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Figure 11. Core flow regained permeability rates using sudais at 1gpt dosage (Bakken 1)

Zeta Potential Measurements of Fine Silica and Kaolinite

There are several known problems associated watyiscand fines in oil and gas activities. It is impat to maintain the
wellbore stability during drilling and fracturingsavell as during production, especially in watensitive shale and clay
formations. Clay swelling and fine migration, whican occur during a frac job, well remediation ooduction, can damage
formation conductivity. Increase in surface chaofiéine solids can increase inter-particle repudsiorces which results in
destabilization and fine migration. Zeta potentieasurements therefore can be a valuable toobtddar information about
the interactions of surfactants with solids andrtkéfects on surface charge activity upon hyd@dlacturing treatments.
Clay particles are known to have large surface avbih organics can be adsorbed on. Adsorptionuofase active

molecules onto clays can alter surface charge lamsl tepulsive force and consequently the doublerlgap between the
clay particles.

Figures 12 to 15 show the effect of commercial atefnt based flow back additive (SFBA) and microlsifiead systems
(MESFBA) in the variation of the zeta potential sitica and kaolinite at pH 4.0, 7.0 and 10.0. §itica particles, the use of
MESFBA in general showed values less pH sensitie within range comprehended between -20 and 20otmsérving
similar effect when used SFBA-2. In the case oflaliite substrate the trend was similar exceptrwdnaluated MESFBA-
6. In order to assess the effect of the surfadtamulation, zeta potential values of aqueous (SEBAnd microemulsifed
(MESFBA-4) forms of the new surfactant package weetermined for silica and kaolinite. It was comigd that the
aqueous formulation was slightly more pH sensithan the microemulsion form (see Figures 16 and 17)
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Figure 12. Zeta potential of fine silica in 0.5% NaCl bringmwWMESFBA products
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Figure 13. Zeta potential of fine silica in 0.5% NaCl brin&lwSFBA products
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Figure 14. Zeta potential of kaolinite in 0.5% NacCl brine WMESFBA products
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Figure 15. Zeta potential of kaolinite in 0.5% NaCl brine wEFBA products
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Figure 16. Comparison of zeta potential of fine silica in%.BlaCl brine with SFBA-4 and MESFBA-4
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Figure 17. Comparison of zeta potential of kaolinite in 0.5P4CI brine with SFBA-4 and MESFBA-4
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Quartz Crystal Microbalance with Dissipation Data

In this study, the adsorbed mass (ngjcai new surfactant formulations onto the alumind ailica surfaces were calculated
using the frequency change determined from the QCMeasurements. For all samples two concentrafidhsv% and 0.5
w% were measured. Each run consisted of a 2 adsorpdesorption cycles (adsorption of sample foid by washing with
deionized water = 1 cycle). The frequency change emmverted into the adsorbed mass by the Sauerblaionship using
QTool software. Adsorption data were not corredtedviscosity of the bulk surfactant solutions,@rthey were assumed to
be close enough not affecting frequency variationdifferent fluids. Silica and alumina substrateres use to represent
surface mineralogy of formation solids.
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Figure 18. Adsorption/desorption of MESFBA-4 on silica andralna

From adsorption data, it was found that MESFBA-4i laahigh affinity towards both silica and aluminafaces under
conditions test was performed, but adsorption rdid not increase with an increase in dosage appliElde
adsorption/desorption profile also indicated tlinet process was reversible and the surfactantsadigermanently retain on
minerals surface, minimizing the risk of resenadamage.

QCM-D is a powerful quantitative technique whichswesed throughout the development stage to verify:

1) Adsorption/desorption properties of selected stiafstccombinations and their microemulsion formualati
2) Influence of co-surfactant on adsorption/desorpgicocess of surfactants;

3) Influence of oil phase on adsorption/desorptiorcpss of surfactants;

4) Influence of co-solvent on adsorption/desorptioncess of surfactants.

Information obtained from QCM-D studies providedd@idnal insights to the roles of cosurfactant amitl phase in
adsorption/desorption characteristics of the ffoamulations.

Sand Column Adsor ption Study

Two surfactant formulations were compared, one thasaqueous form of the surfactant (SFBA-4) andatfer was the
same chemical but blended into a microemulsion (MES-4). Although the data shown in Figure 19 is s@rhat erratic,

the trend indicated that the surface tension o&fflaent dropped more quickly in the case of thieroremulsified surfactant
compared to the aqueous form. This indicatedlzating a surfactant that has a tendency to adsatd silica into a oil-in-

water microemulsion may reduce the tendency toradand improve penetration when injecting intocsilbased porous
media.
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Figure 19. Adsorption of SFBA-4 and MESFBA-4 on sand coludiicroemulsion formulation
exhibited less retention on sand

Conclusion

Multiphase flow inporous media is complex and governed by severa&bfaincluding the complex pore structure of the
medium and how it affects the distribution, flowsglacement of one or more fluids, or dispersioré¢ fluid in another.
Displacement of one fluid by another can be cardetiby many different mechanisms which may invaheat and mass
transfer, thermodynamic phase change, and theplateof various forces such as viscous, buoyannog, @pillary forces
(Sahimi, 2011). Under equilibrium condition in regsr, several solid and liquid phases and inte$acoexist (see Figure
20).

Biwet Solids
Water Phase Oe Oil Phase

QOil in Water

Surfactants, regardless of their mode of stateeagsl or microemulsion, can interact with such phassd disturb the
equilibrium thus affecting the dynamics of multigbaflow during oil and gas production. In orderachieve higher
production, such interactions must cohesively wiodether and in favor of other. For example, bis@lids (e.g. clays or
asphaltene) are known to stabilize crude-water siong. Understanding the nature of surfactant astésns with clays or
asphaltene aggregates, therefore, could be vergriant in designing a highly effective frac flowlkaaid. Lab test methods
must be utilized with special care of their scopéd with knowledge of their limitations and strength

The objective of this work was to obtain a validrgarison of microemulsions and aqueous solutiorirémturing flowback
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aids. Results from all experiments performed is thork, clearly indicates the importance of mairfesttant chemistry and
the nature of its interactions with various phagsessent in a hydrocarbon reservoir. Once the migleimistry is identified,
performance can be fine tuned by addition of cdastants and solvents or co-solvents. If an aqueoufactant fails to
function, formulation into microemulsion does ndtaage its characteristics. As shown in the resaitd discussions,
aqueous and micro-emulsified surfactants exhibdiedlar performance in regain permeability testamd in crude-water
separation. Perhaps the advantages of microemalai@their lower adsorption rate on reservoir saakd higher stability at
elevated pH and salinity when compared to nativeeaqs surfactant. Microemulsions therefore may dresidered as a
carrier system which can be used to better defivefiactant deeper into the reservoir during a jioac
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