Choice of surfactants for CO, foam for EOR
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Smart surfactants to raise sweep efficiency in CO, flooding
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Surfactant stabilizes CO,-in-water foam

Increases viscosity (stabilizes displacement front)
Smart surfactants for C/W foam:

Reduces CO, mobility in swept area vs. oil
enriched CO, displacement front

Inject surfactant from CO, phase (gravity override)
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P, T, Salinity, pH- HCB of Surfactant

1/HCB = ATC_ATT_ACC
W_AHH _A\NW

For C/W emulsions, weak Ay OK
W/C emulsions limited by weak A

1/HCB>1 1/HCB <1

<« Hydrophilic / CO,-philic balance ——  daRocha et al. Langmuir 1999



Ethoxylated amine for stabilizing CO,-in-water foam in high

T (120 C) and salinity (22% TDS) carbonate formation

amines

Category |Chemical |Soluble T in |CO, Adsorption |IFTat |O/W Foam
composition |aqueous Solubility | (limestone) | C/W Partition | (High
salinity)
Anionic sulfonates Insoluble |high
Nonionic  |Alkyl <100 °C High low Weak
ethoxylates
Zwitterionic | Alkyl Up t0120°C high Low
betaine
Cationic Alkyl Krafft point, |High Strong
amines pH<3
Quaternary |[Up to120°C |Insoluble Low Low Strong
ammonium
Salts
Ethoxylated |Up t0o120°C [High Low Low Low Strong




“Switchable” ethoxylated amines
RN(EO),+H,CO, ¢==)> RN*H(EO),+HCO",

Nonionic when unprotonated in CO,
—High CO, solubility (injectable and flow with CO,)

Cationic In acidic carbonic acid (pH 3to 7)

—Soluble at high T in brine for foam formation
—Interfacial activity at water-CO, interface
—Low adsorption on positively charged limestone

Design foam properties }mg CHy % H
—High cloud point ( >120° C, 22% TDS brine)  __, "
—Viscous foam at 120 °C, 22% TDS brine

—Low partitioning to oil (smart surfactant)
R= cocoalkyl

Many commercial choices C12-14, 60-80%
m+n=x=2, 5, 15

CHy—CH o} H
I

—No. of EQO, length of alkyl group

Liu et al. Science 2006, Chen et al. SPE Journal accepted



Short EO for high degree of protonation and high cloud point (pH<6)

Titrate amine/brine mixture with HCI

RN(EO) + H*=RN*H(EO), _ 90 °C
lon balance 'E e
[RN*H(EO)y] + [H*] = [OH ] +[cl"] £°°
Degree of protonation: 50'4 | e C12-14N(EO)2
_ [?éVN(Z(Ob;O])] - O-Z i santEols \

3 4 5 & 7 8 9
_ [HCl) gqq+[0H™]-[H™]

[RN(EO)«],

pH | Cloud point of C,, ;,N(EO),
in 22% TDS brine* (°C)

Protonated form for cloud point
over 120 °C (22% TDS brine) 4 |>120
Higher degree of protonation for 2EO at 6 |110
high temperature
« Steric hindrance lower degree of
protonation with Ionger EO chains *22% TDS brine: 182 g/L NaCl,
77 g/L CaCl,*2H,0 & 26 g/L MgCl,*6H,0

10 |Insoluble




Nonionic form for desirable solubility in CO, at reservoir conditions
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* Unprotonated form: CO, soluble

« Short EO is favorable
(EO: moderate CO,-philic)

| C12.14N(EO)s
o *
C12-14N(EO)2
0 50 100 150

Temperature (°C)

0.2% (w/w) ethoxylated amine in CO,



Cationic form for low oil/water partition coefficient
(C,,.14N(EO), highly favors water over oil below pH 6)

mass fraction in dodecane

partition coef ficient = — ,
/7 mass fractionin brine

Dodecane/water partition coefficient for C,,_,,N(EO),

at 90 °C
Salinity (g NaCl/l)

pH
120 182 e Below pH 6 low partition
4 0.02 0 coefficient avoids loses to
oil phase
6 0.04 0.02
8 11.2 15.9

RN*H(EO)_ <—> RN(EO)_+ H*



C,,..4N(EO), lowers CO2/water interfacial tension at 120 °C, 3400 psia
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pH =6 (adj. by HCI) 22% TDS brine solution

« Captive bubble analyzed by drop shape analysis. Surfactantis in aq. phase.

* |IFT between CO,-brine (~22% TDS) without surfactant: ranges from 37 to 44 mN/m
under 2523-3916 psia between 25 and 125 °C (Bachu and Bennion 2009)




Apparatus for foam viscosity measurement up to 120 °C

Accumulator
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Viscous CO,-in-water foam formed by injection from either phase
(22% TDS brine, 120 °C, 3400 psia, 625 ft/day and 90% foam quality)

Surfactant injected from ags. phase (1% (w/w) surfactant in brine at pH4)

Surfactant Apparent viscosity (cP) Cloud point (°C)
50°C 120°C

C15.14N(EO) 5 35.5 No foam 110

C5.14N(EO)s 24.4 No foam >120

C..14N(EO), 28.9 15.6 >120

Surfactant injected from CO, phase (0.2% (w/w) surfactantin CO,)

Apparent viscosity (cP)

Sample )
50 °C 120 C

C15.14N (EO), 33.1 10.2

« App. viscosity of CO,/22% TDS brine without surfactant: 0.3 cP

Chen et al. SPE Journal accepted



Shear thinning foam in 1 Darcy glass beadpack will favor
injectivity

Apparent viscosity in 1 Darcy glass beadpack

1% (w/w) C,,,,N(EO),, 182g/L NaCl, pH4, 120 °C, 3400 psia

= 160 —-LP sand pack 40% FQ

100 -=-LP sandpack 80% FQ

—
—e

20 ll —

0 100 200 300 400 500 600
Interstitial velocity (ft/day)

Shear thinning
« Low viscosity near well bore for high injectivity
« High viscosity at low velocity for mobility control deep in reservoir



Conclusions for ethoxylated amine

Novel Switchable surfactant concept: ethoxylated amines
with optimal EO number for strong foam at high Tand S
— Nonionic in CO, for high solubility

— Cationic in carbonic acid (pH 3 to 6) for high cloud pointin brine

C,,.14.N(EO), forms C/W foams at 120 °C with 22% TDS brine
— High cloud pointin ags. (>120 °C, 22% TDS)

— Soluble in CO, at 120 °C, >2600 psia

— Low IFT at CO./brine interface

— Surfactant injected from either CO, or ag. phase

— Shear thinning foam for high injectivity and mobility control

Smart surfactant: C,,_,,N(EQO), has low oil/water part. coeff.
(<0.1) when protonated at pH <6



C/W foams formed with
nanoparticles or np/surfactant

Design silica nanoparticles with the proper HCB to generate viscous,
opaque white C/W foams with high stability

Short ligands to maximize CO, solvation (EG oligomers or -Si-(CH;),)
Discrete bubbles not visible, <100 um for strong foams

Demonstrate 50% SiOH (DCDMS modified) foams are stable for 24 hours

Combine surfactant and nanoparticles to generate viscous and stable
C/W foams with fine texture

28 nm diameter bare colloidal silica nps for strong adsorption
and long-term stability

Caprylamidopropyl betaine (CAPB) surfactant to decrease y,, for
finer foams to raise viscosities

14



Formulation variables to control curvature of CO,-water
interface stabilized with silica nanoparticles

0<90°->C/W

[ \
W/C '1. ]

?d

0 >90°->W/C

Silica

CO,
‘ nanoparucles

0 and surfactant adsorption np np
tuned with HCB Py e e

—— Temperature —»

High adsorption energy:

stable C/W foams Fluorosilanes!?!

-«+— pH
Pressure —

—— Salinity —»

2
E = % (1+cos ) . .
-a— Hydrophilic / CO,-philic balance —
[1] Dickson, et al. (2004). Langmuir 20. [2] Adkins, et al. (2007). Phys. Chem. Chem. Phys. 9(48).




C/W Foam with < 100 um bubbles
3% w/v PEG-coated silica (r=2.7nm)

9:1 C:W ratio, 50 °C
NaCl
Concentration
in Aqueous Foam Bulk

Phase (% w/v) Viscosity (cP)
1200 0.235 5.5 Foam viscosity incr. with CO, p
3000 0.792 12.1 increased PEG solvation

1 3000 0.792 14.4 Foam tolerance at low salinity

12.1 cP and 14.4 cP foams are opaque white with < 100 um bubbles

Not reported previously for nanoparticles

CO,-water mixture viscosity = 0.1 cP

Window diameter: 1.4cm ¥ ~1200 g1

Visual path length: 0.8cm

Worthen, et al. (2013). Journal of Colloid and Interface Science 391(1): 142-151.




50% SiOH C/W foam stable for 23 hours

1% w/v 50% SiOH 3%w/v PEG-silica
2800 psia, 35° C 3000 psia, 50° C
Initially 1.6¢P Initially 12.1 cP

Channelsa - 3
Initial

Window diameter: 1.4cm
Visual path length: 0.8cm

t=20 to 23h

Stable (<10% resolved) Unstable (~60% resolved, by height)

* Adsorption energy a function of r? (PEG-coated r = 2.7nm, 50% SiOH = 165nm)

« At0=80" and T=50" C:E =70 kT for PEG-coated vs. 130,000 kT for 50% SiOH
* PEG-coated silica too hydrophilic
 Paralleled A/W foam stability results E=nr2y(1=%cos0)?

Worthen, et al. (2013). Journal of Colloid and Interface Science 391(1): 142-151.




Nanoparticles Surfactants

High adsorption energy: stable C/W foams Decrease v: high viscosity C/W foams
“Pickering” emulsions

Cco,
droplets ’

"*
e o

C/W foams up to ~ 2cP, C/W foams up to ~40 cP,
stable for 20 hll] significant coalescence in 2 minl2

NP and surfactant adsorption at interface controlled by adjusting interactions

1/HCB = Pre =P~ Aec
AAW _AAA_ANW

[1] Worthen, et al. (2013). Journal of Colloid and Interface Science 391(1): 142-151.
[2] Adkins, et al. (2010). Langmuir 26(8): 5335-5348.




Surfactant decreases v, and silica hydrophilicity

) Vsc —Vsw
ore Young’s Eqn: COS@ =
Silica ;Ysc stJ Yew
CO, #9 Weber Number: We = CuR
Yew

Aq. Phase 'ch NP adsorption energy: E = ﬂfzy/cw(li COS (9)2

Yew ¥ Std. Dev. (mN/m) 0 £ Std. Dev. (°)

28.3+1.0 28.1+1.3
0.25% w/v CAPB 16.4+1.4 39.6+1.6

* Surfactant adsorbed at CO,-water interface

— Decrease yqw
— Allows formation of finer foams (Weber Number)!1]

» Surfactant adsorbed on silica wafer (nanoparticles)

— Decrease (Y4 — Ysw): decreased surface hydrophilicity
— Increase 0 (decrease cosB): stronger NP adsorption at interface!

[1] Walstra and Smulders (1998). Modern Aspects of Emulsion Technology: 56-99.
[2] Binks (2002). Current Opinion in Colloid and Interface Science 7: 21-41.




C/W foams with fine texture and high viscosity

. Fixed CAPB conc. @ 0.05% w/v 10 Fixed NP conc. @ 1% w/v
1 - *
| O - |
35 . 35 o A
30 - 30 - m
.n-_-.25 . = 25 - "
.‘:’;20 | - m 0% NaCl 3;20 i m 0% NacCl
& + 1% NadCl e + 1% NacCl
=15 1 3% N =15 :
- 6 NaCl - 3% NacCl
10 - n 10 -
5 -i 5
0 %F J I J | 0 ?' T \ T T \ ]
0 1 2 3 4 0 0.1 0.2 0.3 0.4 0.5 0.6
Silica Nanoparticle Conc. (% w/v) CAPB Conc. (% w/v)

Window diameter: 1.4cm
Visual path length: 0.8cm

e Synergy — neither species alone formed foam
— NP alone too hydrophilic (low 6, high HCB), surfactant increases 6 and decreases HCB
— Surfactant decreases v, for finer foams, too hydrophilic for foam

* Slight increase in p,,, with added NaCl (fixed NP conc.)

* Tunable texture with bubbles ¥~ 1 mm to <100 um
Worthen, et al. (2013). AIChE Journal 59(9): 3490-3501.




C/W foams stable for 20 h at 2800 psia and 50° C

1.5% NP + 0.05% CAPB 1% NP + 0.1% CAPB + 3% NaCl
Initially 36 cP Initially 34 cP

Initial

t=20h

Window diameter: 1.4cm
Visual path length: 0.8cm

* No resolution (by height) observed
* With 3% NaCl, foam became less opaque in upper 20% of cell

Worthen, et al. (2013). AIChE Journal 59(9): 3490-3501.




Conclusions

Demonstrated silica nanoparticles with the proper HCB to generate viscous, opaque
white C/W foams with long term stability (24 hrs)

* Viscosities up to 12 cP (120x increase in C-W mixture viscosity)
* Discrete bubbles not visible, <100 pm
* Very short low cohesive energy density ligands for weak ligand-ligand interactions

Optimal SiOH for foam stability incr. with cohesive energy density of nonaq. phase
35% SiOH (A/W) to 50% SiOH (C/W) to 70% SiOH (O/W)

Silica nps were combined with betaine surfactant to generate viscous and stable C/W
foams with fine texture

* Adsorbed surfactant on silica increased CO,/water/silica contact angle (8) and
lowered HCB of silica to incr. np adsorption

* Surfactant decr. y.y, for viscosities up to 40 cP with bubbles < 100 pm diameter

* High nanoparticle adsorption provided long-term stability of C/W foams

* No observable foam coalescence (by height) in 20 h

Demonstrated synergistic nanoparticle-surfactant interactions while retaining colloidal
stability



