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Fluorosurfactants in Enhanced Oil Recovery
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Abstract: Fluorosurfactants are effective in a variety of Enhanced Oil Recovery (EOR) techniques including (i) improv-
ing subterranean wetting, (ii) increasing foam stability, and (iii) modifying the surface properties of the reservoir forma-
tion. While fluorosurfactants have been used in gas and oil exploration for four decades, the increased demand for petro-
leum and the greater understanding of the benefits of fluorosurfactants have led to growing acceptance for fluorosurfac-
tants throughout the petroleum industry. This mini-review summarizes the published research for fluorosurfactants in
EOR from 1977 to 2007. The references in this mini-review are mostly patents (vs peer reviewed articles) and laboratory
models of the benefits of fluorosurfactants in EOR (vs actual oil and gas recovery experiments). This summary of the pub-
lished reports on fluorosurfactants in EOR provides petroleum scientists and engineers an overview of this emerging tech-

nology.
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INTRODUCTION

Petroleum is the most critical energy source in the world,
especially for transportation. In 2008, the U.S. Department
of Energy projected worldwide consumption of “liquids and
other petroleum grows from 83.6 million barrels oil equiva-
lent per day in 2005 to 95.7 million barrels per day in 2015
(+14%) and 112.5 million barrels per day in 2030 (+35%)”
[1]. While estimates vary, the peaking of worldwide conven-
tional oil production is a serious concern that has perhaps
already taken place or will occur within the next few decades
[2]. The pressures of increasing oil demand, limited proven
oil reserves, and forecasts for tightening oil supply are driv-
ing the need to maximize the extraction of the Original Oil-
In-Place (OOIP) for every reservoir, which is accelerating
the development of Enhanced Oil Recovery (EOR) tech-
nologies. The presence of many interfaces and the complex-
ity of the physico-chemical and geological characteristics of
the reservoirs make EOR an immense scientific and techni-
cal challenge [3].

The production of crude oil and gas occurs in three dis-
tinct phases [4]. Primary Oil Recovery combines the natural
pressure of the reservoir with pumping equipment to bring
the oil to the surface, which typically produces only up to
about 10% of the OOIP. In Secondary Oil Recovery, water
or gas (such as natural gas, carbon dioxide, and air) is in-
jected into the reservoir using pressure to drive the oil to a
wellbore, recovering an additional 20% to 40% of the OOIP.
Tertiary Oil Recovery (also known as EOR or Improved Oil
Recovery) uses one or more sophisticated techniques includ-
ing chemical flooding, thermal recovery, and gas injection to
recover up to an additional 60% of the OOIP. Thermal tech-
niques normally employ steam to reduce the viscosity of the
oil, thus improving its flow. Chemicals used in EOR include
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polymers, surfactants, foaming agents, acids, alkalines, and
solvents [5]. The gases successfully used in EOR include
nitrogen, carbon dioxide, natural gas, and flue gas. Many
fluid/rock interactions affect EOR including adsorption,
cation exchange, precipitation-dissolution, capillary phe-
nomena, wetting, and dispersion [6].

Surfactants are widely used in oil recovery for particle
dispersion, emulsion stabilization, foam generation, reservoir
wetting, and many other applications [7]. The use of fluoro-
surfactants is a recent but growing trend due to (i) the excep-
tional hydrophobic and oleophobic nature of the perfluoroal-
kyl and perfluoroalkyl ether groups, (ii) the effectiveness of
fluorosurfactants at extremely low concentrations, and (iii)
the availability of anionic, cationic, nonionic, and ampho-
teric fluorosurfactants which can modify surfaces and inter-
faces better than conventional hydrocarbon surfactants [8].
The variety of choices of fluorosurfactants allows for com-
patibility with nearly any formulation including water-in-oil
emulsions, oil-in-water emulsion, detergents, foams, etc. The
bond strength of the carbon-fluorine bond in perfluoroalkyl
and perfluoroalkyl ether groups has been demonstrated as the
key to remarkable overall stability for fluorochemicals and
fluoropolymers. Commercially available fluorosurfactants
provide exceptional wetting, levelling, emulsifying, foaming,
or repellency characteristics in a wide range of industrial and
consumer products [9].

IMPROVED SUBTERRANEAN WETTING

Fluorosurfactants possess a combination of excellent
chemical and thermal stability, and wetting ability. Table 1
shows these characteristics of fluorosurfactants with their
exceptionally low aqueous surface tension (even lower than
alcohol-water mixtures) being unaffected by 20 hours at
100°C in either KCI or HCIl [10]. Complete drainage of
aqueous KCIl containing fluorosurfactants through sandpacks
or sandstone was attributed to these low surface tension val-
ues overcoming the capillary forces commonly seen in un-
derground oil and gas reservoirs. The choice of the hydro-
philic portion of a fluorosurfactant was critical to minimize
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its adsorption to the formation and loss of wetting effective-
ness. Anionic and nonionic fluorosurfactants demonstrated
significantly less adsorption to Oklahoma No. 1 sand than
cationic or amphoteric fluorosurfactants. The adsorption of
any particular fluorosurfactant to a solid matrix varied con-
siderably depending on temperature, liquid phase composi-
tion, and the chemistry of the simulated formation. Concerns
about capillary blockage due to adsorption of the fluorosur-
factant to the formation were examined using coreflow stud-
ies with low-permeability sandstone cores. At 75°C and 6850
kPa of nitrogen, essentially no difference was observed in
initial flow rate with or without a cationic fluorosurfactant in
2 wt% KCI.

Nonionic fluorosurfactants enhanced the oil recovery of
waterflooding due to their benefits of enhanced wetting, low
surface tension, and low interfacial tension. Using a mixture
of 10% ASTM oil No. 3 and 90% Ottawa standard 20-30
mesh sand to simulate waterflooding in the laboratory, hy-
drocarbon surfactants gave between 8% and 52% oil recov-
ery, while nonionic fluorosurfactants gave between 10% and
87% oil recovery. Blends of hydrocarbon surfactants and
nonionic fluorosurfactants gave between 12% and 78% oil
recovery [11].

Cationic fluorosurfactants, when combined with cationic
and nonionic hydrocarbon surfactants in water, brine, or
various concentrations of aqueous HCI provided improved
foaming, better silt suspension, and enhanced wetting for
treating subterranean formations, important predictors of the
effectiveness of acidizing treatments [12]. A blend of hydro-
carbon surfactants containing only about 10 ppm of cationic
fluorosurfactant lowered the surface tension of aqueous HCl
(ranging from 3 to 28 weight percent HCI in both fresh acid
and simulated spent acid containing calcium carbonate) to
between 18 to 24 mN/m.

Acid fracturing is a well stimulation technique that injects
aqueous HCI or HF (typically 3 weight percent to 28 weight
percent acid) into the well at high pressures causing the porous
media to fracture and release gas and oil for recovery. Surfac-
tants are mixed with these acids to increase their wetting of the
hydrophobic carbonate surfaces in the reservoir. When less
than 30 ppm of cationic fluorosurfactants were added to mix-
tures of aqueous acid and hydrocarbon surfactant, the surface
tension of these aqueous acids dropped to between about 19
and 24 mN/m [13]. Similar reductions in surface tension and
improved wetting were observed when fluorosurfactants were
added to brine solutions used for non-acid fracturing. A for-
mulation containing hydrocarbon surfactants and a cationic
fluorosurfactant reduced the surface tension of a solution of §
weight percent sodium chloride and 2.5 weight percent cal-
cium chloride to 22.8 mN/m compared to 74.3 mN/m without
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the addition of the fluorosurfactant and hydrocarbon surfac-
tants.

For Thermal EOR, the choice of surfactant and pH control
were found to be critical to achieve the desired low surface
tension in the steam condensate necessary for effective recov-
ery of the OOIP [14]. Unless sufficient fluorosurfactant con-
densed in the steam/gas phase, the reduction of surface tension
would be insufficient. Hydrocarbon surfactants or inappropri-
ate pH control for fluorosurfactants gave steam condensate
with relatively high surface tension values of between 47 and
51 mN/m. But with pH less than about 11 in the liquid phase,
nonionic or anionic fluorosurfactants were able to accumulate
in the steam/gas phase and to lower the surface tension values
in the steam condensate to between 22 and 25 mN/m.

In non-aqueous systems, fluorosurfactants have improved
the wetting and emulsion stability of hydrocarbons in liquefied
CO, formulations for fracturing fluids [15]. Both labstock
diesel and Frac Oil 200™ were successfully emulsified in
liquid CO, with hydrofluoroether surfactants to produce a
fracturing fluid with increasing stability when subject to shear.
Fluorosurfactants also improved emulsion stability in multi-
phase systems of perfluoroethers used for drilling, completion,
or workover fluids [16]. High fluid density and thermal stabil-
ity are the essential properties of liquid fluorinated compounds
which make them suitable as the continuous phase of well
fluids. Fluorosurfactants stabilized the brine-in-perfluoroether
emulsion which can contain other organic materials, minerals,
clays, and inorganic salts. Examples of stable formulations
ranging from 88% to 13% fluorinated liquid by volume, with
the remainder barite, calcium carbonate, or saturated calcium
chloride brine were demonstrated.

INCREASED FOAM STABILITY

For foam injection EOR, fluorosurfactants have the
unique benefit to generate foam that is stable in contact with
the crude oil, while imbibing and transporting the oil through
the subterranean formation. Three types of oil-foam interac-
tions are contrasted [17]. In Type A foams, oil will neither
spread over nor enter the surface of foam. In Type B foams,
oil will enter but not spread over the surface of foam. In
Type C foams, oil will enter the surface of foam lamellae,
then spread over the lamellae surfaces and destabilize the
foam. Type B foams resulted in increased oil recovery by
reducing and controlling the mobility of the foam in the un-
derground formation. While brine alone (waterflooding) re-
covered 56% of the OOIP from a Berea sandstone saturated
with crude oil, the Type B foam containing hydrocarbon and
fluorinated surfactants recovered 68% of the OOIP. The
higher oil recovery for Type B foams was attributed to the
“oil-imbibing and transporting properties of Type B foams”.

Table 1. Surface Tension and Stability of Fluorosurfactants in Aqueous KCI or HCI
Surface No Cationic Nonionic Anionic Amphoteric
Tension (mN/m) Fluorosurfactant | Fluorosurfactant | Fluorosurfactant | Fluorosurfactant | Fluorosurfactant
2 wt% aqueous KC1 73 18 21 17 18
2 wt% aqueous KCl after 20 hours at 100°C - 19 24 18 19
15 wt% aqueous HCI 71 18 21 16 19
15 wt% aqueous HCl after 20 hours at 100°C - 17 23 16 21
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Betaine fluorosurfactant generated very stable foam in
the presence of different alkanes or crude oils. Detailed
analyses of the foam characteristics of either (i) an ampho-
teric fluorosurfactant or (ii) a C14-C16 sulfonate (AOS)
formulation showed that only the fluorosurfactant had nega-
tive spreading coefficients for all crude oils tested, which
explained the consistent stability of these foams in the pres-
ence of the oils [18]. For the betaine fluorosurfactant the
Lamella number was less than one for a series of hydrocar-
bons from Cs through Ci¢, indicating a Type A foam. The
corresponding Lamella number and spreading coefficient for
the AOS surfactant was between one and seven, and greater
than zero, respectively. The betaine fluorosurfactant also
gave consistently more dense foam in the presence of crude
oil than the AOS foam. While both surfactants gave stable
foam with the addition of methanol, only the betaine fluoro-
surfactant gave stable foam with low to moderate concentra-
tions of butanol.

The addition of betaine fluorosurfactants to anionic or
amphoteric hydrocarbon foaming agents improved aqueous
foam stability in the presence of crude oil by up to nearly
300% at low crude oil concentrations [19]. At higher crude
oil concentrations, the hydrocarbon foaming agents failed to
sustain any stable foam, while the addition of fluorosurfac-
tants continued to provide a robust foam. Coreflood foam
modelling using Berea sandstone flooded with crude oil and
brine showed the benefits for the blends of fluorosurfactant
and hydrocarbon foaming agent in EOR. When tested at the
residual oil saturation point (28% of pore volume), hydro-
carbon foaming agents gave Mobility Reduction Factor
(MREF is the ratio of pressure drops with vs without surfac-
tant) of about 2 to 3, while blends of fluorosurfactant and
hydrocarbon foaming agent increased the MRF to between
10 and 40.

Cationic, amphoteric, and betaine fluorosurfactants dra-
matically improved the recovery of OOIP from silica (500
micron diameter glass balls) compared to either nitrogen gas
purging alone or sodium benzene sulfonate (SBS) foaming
[20] (Table 2). Photographic evidence showed that the oil
bank was pushed through the silica packed cell by a stable
fluorosurfactant foam front, perpendicular to the axis of the
porous medium. Bi-strata porous media formed from two
layers of glass balls with different diameters also showed a
fluorosurfactant foam front moving simultaneously through
both zones, first sweeping the oil from the more permeable
zone, then clearing the oil from the less permeable layer.

Table 2. Simulated Oil Recovery from Silica

Purge Gas Volume (Multiples (0101
g of Pore Volume) Recovery
Nitrogen only 100 50%
Sodium benzene 100 100%
sulfonate foam
Cationic o
fluorosurfactant foam ! 100%

MODIFYING THE SURFACE PROPERTIES OF THE
RESERVOIR

Murphy and Hewat

Water blocking occurs in gas or oil wells when water,
mud, brine, or crude oil accumulates near the wellbore, re-
sulting in reduced permeability to oil and gas, and thus re-
duced recovery. Water blocking was reduced when sand-
stone was treated with a variety of fluorosurfactants to simu-
late modifying the wetting characteristics of an underground
gas and oil reservoir formation. Core testing on sandstone
treated with fluorosurfactants showed greater brine removal
and lower pressure drop across the structure due to reduced
capillary pressure in the small pores, which was attributed to
altered wettability of the fluorosurfactant-treated sandstone
[21]. With polymeric fluorosurfactants, the sandstone was
rendered durably repellent to water, which offered the best
remedy to alleviate water blocking by transforming the for-
mation from water-wet or oil-wet to intermediate-wet or gas-
wet. Water contact angles on the untreated sandstone were
essentially zero. After treatment with fluorosurfactants, the
contact angles on the treated sandstone were greater than
90°. Water imbibition test on dry untreated sandstone com-
pared to dry fluorosurfactant treated sandstone showed both
(1) a reduction in the rate of water uptake (saturation at 1
hour for untreated sandstone vs more than 12 hours for
fluorosurfactant treated sandstone) and (ii) a decrease in per-
cent water imbibed at equilibrium (about 45% to 55% for
untreated sandstone vs 15% to 30% for fluorosurfactant
treated sandstone).

Cationic polymeric fluorosurfactants in methanol were
used to treat sand and “...resist or substantially reduce the
wetting of the surfaces by water and hydrocarbons and pro-
vided high interfacial tensions between the surfaces and wa-
ter and hydrocarbons ... and significantly increases the flow
of hydrocarbons through capillaries or flow channels in the
formations [22].” Laboratory tests showed that oil flowed
through the fluorosurfactant-treated sand at a rate between
60 and 150 times faster than untreated sand. This EOR tech-
nique using fluorosurfactants was employed at a well in
Moffat County, Colorado from the Fort Union Sand Forma-
tion using methanol, 0.2 weight percent Cj(.i, alcohol
ethoxylates, and 0.01 weight percent of a cationic polymeric
fluorosurfactant. After treatment, the gas productivity in-
creased from 100 million cubic feet (MCF) per day to 300
MCEF per day.

When used in combination with methanol hydraulic frac-
turing, various nonionic polymeric fluorosurfactants im-
proved the gas permeability of methane, butane, and higher
alkane blends for Berea sandstone by between 13% and
282% [23]. The benefits of the nonionic polymeric fluoro-
surfactants in this EOR technique could include better capil-
lary wetting, inhibiting water blocking, delaying condensate
bank formation, or modifying the wetting characteristics of
the sandstone. Polymeric fluorosilane surfactants were used
to durably alter the surface properties of three wettability
states of Berea sandstone (water-wet, weakly water-wet,
weakly oil-wet) to intermediate gas-wetting [24]. Gas recov-
ery by oil injection for the untreated Berea sandstone was
60% at oil breakthrough compared to 80% for the polymeric

fluorosilane treated sample. Total gas recovery for the un-
treated Berea sandstone was 80% compared to 90% for the
polymeric fluorosilane treated sample. Total oil recovery
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with simulated water injection for the untreated Berea sand-
stone was 54% compared to 76% for the polymeric fluorosi-
lane treated sample.

Laboratory studies showed that fluorosilane surfactants
also provided durable changes in the wetting characteristics
of calcite, marble, mica, and silica. As the chain length of the
perfluoroalkyl portion of the fluorosilane surfactant in-
creased, the rocks became less water-wet and more repellent.
Brine contact angles on calcite and mica increased from
about 33° and about 17°, respectively, for the untreated sur-
faces to between 64° and 118° for either mineral surface
treated with fluorosilane surfactants [25]. Significantly al-
tered wetting can only occur if the contact angle is greater
than 90°. For carbonate cores treated with fluorosurfactants,
the residual brine saturation was reduced by 25% and the gas
relative permeability increased almost 160 times. These high
contact angles and increased gas permeabilities are attributed
to the success of fluorosurfactants in lowering the surface
energy of the mineral surfaces. By reducing the water wet-
tability of the formation, the capillaries are less blocked,
pressure drops are reduced, and gas recovery is more effec-
tive.

CONCLUSION

The published patents and papers describing the use of
fluorosurfactants in Enhanced Oil Recovery (EOR) show the
exceptional benefits for this technology in (i) improving sub-
terranean wetting, (ii) increasing foam stability, and (iii)
modifying the surface properties of the reservoir. Technical
advances and economic trends point toward the increasing
use of fluorosurfactants in EOR. Future research in this field
should include (a) the benefits of fluorosurfactants in EOR
from more actual oil/gas formation recovery, (b) the details
of fluorosurfactant recycling and recovery in EOR, (c) the
impact of fluorosurfactants in EOR on the entire oil/gas re-
covery and refinery processes, and (d) the economics and
environmental benefits of fluorosurfactants in EOR.
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