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Abstract
With the aim of elucidating the details of enhanced oil recovery by surfactant solution
flooding, we have determined the detailed behaviour of model systems consisting of a packed
column of calcium carbonate particles as the porous rock, n-decane as the trapped oil and aqueous
solutions of the anionic surfactant sodium bis-2-ethylhexyl sulfosuccinate (AOT). The AOT
concentration was varied from zero to above the critical aggregation concentration (cac). The salt
content of the aqueous solutions was varied to give systems of widely different, post-cac oil-water
interfacial tensions. The systems were characterised in detail by measuring the permeability
behaviour of the packed columns, the adsorption isotherms of AOT from the water to the oil-water
interface and to the water-calcium carbonate interface and oil-water-calcium carbonate contact
angles. Measurements of the %oil recovery by pumping surfactant solutions into calcium carbonate
packed columns initially filled with oil were analysed in terms of the characterisation results. We
show that the measured contact angles as a function of AOT concentration are in reasonable
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agreement with those calculated from values of the surface energy of the calcium carbonate-air
surface plus the measured adsorption isotherms. Surfactant adsorption onto the calcium carbonatewater interface causes depletion of its aqueous phase concentration and we derive equations which
enable the concentration of non-adsorbed surfactant within the packed column to be estimated from
measured parameters. The %oil recovery as a function of the surfactant concentration is determined
solely by the oil-water-calcium carbonate contact angle for non-adsorbed surfactant concentrations
less than the cac. For surfactant concentrations greater than the cac, additional oil removal occurs by
a combination of solubilisation and emulsification plus oil mobilisation due to the low oil-water
interfacial tension and a pumping pressure increase.
Introduction
Primary and secondary oil recovery processes generally leaves of the order of 50% of the
total oil underground where a large proportion is trapped within the porous reservoir rock by
capillary forces but other effects such as flow bypassing due to heterogeneous permeability can also
be important. One of the tertiary recovery processes used to release oil trapped by capillary forces is
enhanced oil recovery (EOR) by injection of aqueous surfactant solution into the partially depleted
reservoir. Because of its obvious economic importance, there is an extensive literature on the interrelated aspects of this complex process; including general reviews and measurements of the EOR
performance of different surfactant systems1-9, studies of how exposure of the porous network to
crude oil and water leads to complex “mixed wettabilities” in which the pores are partially wetted by
both oil and water and how surfactant addition alters the wettability state of the reservoir10-14,
visualisation of the complex, multiphase flow15-18 and modelling of how the oil recovery depends on
the pore network structure, wettability state, relative permeabilities to oil and water, flow rates and
other conditions19-26. However, this literature does not contain clear, systematic information on how
the rock/oil/water contact angle varies with surfactant concentration and how this relates to
surfactant adsorption at the various surfaces present, how surfactant adsorption causes its depletion
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in the EOR aqueous phase, and how these factors relate to the fraction of oil recovered. To address
these issues, we have investigated how aqueous solutions of the anionic surfactant sodium bis(2ethylhexyl) sulfosuccinate (AOT) removes n-decane oil from packed columns containing calcium
carbonate calcite particles.
This paper is organised as follows. Following the experimental section, the liquid flow
properties of the calcite particle packed columns are summarised. Next, we report measurements of
the adsorption isotherm of AOT to the calcite-water interface, water-decane tensions and waterdecane-calcite contact angles as a function of surfactant concentration and show how the contact
angles can be derived from considerations of the surface energies and adsorption. Then, we show
how the %oil recovery varies with surfactant concentration for selected aqueous phase salt
concentrations which control the equilibrium microemulsion phase behaviour and whether or not the
oil-water tension reaches ultralow values. Prior to interpretation of the %oil recovery results, it is
important to note that measurements of adsorption, oil-water interfacial tension and contact angle
relate to the concentration of non-adsorbed surfactant whereas %oil recovery relates to the initial
surfactant concentration which is depleted due to adsorption. Hence, we show how surfactant
adsorption measurements can be used to estimate the concentration of non-adsorbed surfactant
present within the packed columns during EOR. Finally, we show how the measured %oil recovery
variation with surfactant concentration is consistent with a model based on the hypothesis that the
residual oil is trapped in the form of liquid bridges between contacting calcite particles.
It is worth noting here that, in addition to being relevant to EOR, considerations of the
amount of fluid retained when a particle bed is flooded with a second fluid are also important in the
prediction of so-called “liquid holdup” in distillation columns and catalyst particle bed reactors27-29.
Experimental
Materials.

Three calcium carbonate powders of different mean particle sizes were obtained from

Minelco UK as part of their FordaCal product range which consists of natural ground calcium
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carbonate of different particle size distributions. Figure S1 shows SEM images of the three powders
and Table 1 summarises their average particle radii from SEM images and sieve analysis data
supplied by Minelco (Figure S3) and specific surface areas, porosities and average pore diameters
obtained from BET analysis of nitrogen adsorption isotherms. The SEM images show the particles
are irregularly-shaped and polydisperse. X-ray diffraction measurements confirmed that the powders
all consist virtually exclusively of the calcite polymorph of calcium carbonate. The BET nitrogen
adsorption/desorption isotherms showed no significant hysteresis in the case of FC10 but significant
hysteresis was observed for FC30 and FC200. The total specific surface areas measured using BET
are 10-400 fold larger than those estimated for monodisperse, non-porous spheres of the
corresponding mean particle radii (0.8 m2 g-1 for FC10, 0.2 m2 g-1 for FC30 and 0.05 m2 g-1 for
FC200) and hence are dominated by particle internal pore surface areas. As seen in Table 1, the
particle internal pores have volume fractions from 0.08 to 0.04 with average diameters from 110 to
26 nm.
Calcite crystals for contact angle measurements were obtained from John Brommeland
(www.brommeland.com) in Norway. They were cut to size and the top surface was polished using
abrasive paper with a particle size of 4.5 microns.
Water was purified by passing through an Elgastat Prima reverse osmosis unit followed by a
Millipore Milli-Q reagent water system. Its resistivity was 16 M cm and its surface tension was
71.9 mN m-1 at 25°C. The anionic surfactant sodium bis(2-ethylhexyl) sulfosuccinate (AOT,
Sigma-Aldrich, 98%) was used as-received. Some samples of n-decane (Sigma, >99%) were
columned over basic alumina (Merck) to remove any polar impurities prior to use. However, it was
found that using either columned or as-received n-decane made no significant difference to either the
oil-water tension or %oil recovery measurements. Most measurements were made using as-received
n-decane. The salts NaCl (Fisher, 99.9%) and Na2CO3 (Fisher, 99%) were used as received.
Reagents used in the titrations to determine AOT concentrations, Hyamine 1622 (Fluka, 98%),
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dimidium bromide (Sigma, 95%), disulfine blue (Sigma, 50% dye content) and chloroform (Fisher,
analytical reagent grade) were used as received.
Methods.
Scanning electron microscopy (SEM). SEM images of the calcite powders were obtained using a
Zeiss EVO60 electron microscope. Samples were sputter coated with a 2 nm thick Au/Pd (Au 82%,
Pd 18%) film prior to imaging. SEM images were analysed to estimate the mean particle diameters
(taken to be the average of longest and shortest dimensions and averaged over >20 individual
particles) using Image J software.
Nitrogen adsorption isotherms and analysis. Nitrogen adsorption isotherms onto the calcite powders
at the boiling temperature of liquid nitrogen were measured using a Micromeritics TriStar 3000
instrument. The results were analysed using the method described in detail by Barret , Joyner and
Halenda30.
Flow properties and oil removal from packed columns containing calcite particles. The
experimental setup used to investigate the flow properties and oil removal for calcite powder packed
columns is shown in Figure 1. The column is a modular semi-preparative HPLC stainless steel
cylindrical column (Kinesis, UK) with an internal diameter of 10 mm and an internal length of 50
mm fitted with PEEK connectors for flow tubing. The following procedure is used to pack the
column with calcite powder. One end of the column is first sealed with a frit (mean pore diameter 2
m, thickness 1 mm supplied by Kinesis) and end connector. The calcite powder is then added in
small aliquots and a metal rod and hammer used to pack the powder down between aliquots. When
full of powder, the second frit is added and the assembly sealed with the second end connector. It is
worth noting that the pore diameter of the frits is much larger than the mean pore size within the
packed columns; as seen later the frits contribute only a small fraction of the overall hydrodynamic
resistance of the filled column. The column is weighed before and after filling to determine the mass
(and hence volume fraction) of powder in the packed column volume.
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Figure 1.

Schematic of the packed powder column flood setup.

Two types of experiment have been performed with the packed columns. In the first type,
used to determine the flow properties of the packed columns, pure water or pure decane was flowed
through the column initially containing only powder to displace air. Using measurements of the
mass before and after decane filling, it was checked that the final volume fraction of trapped air was
less than 0.01. The volumetric flow rate was set using the HPLC or syringe pump and the pressure
drop between the pump and the column exit was monitored. The second type of experiment was
used to determine the amount of oil displaced by flowing an aqueous solution into a powder packed
column with decane-filled interstices. The powder packed column interstices were filled with decane
using a syringe pump (WPI model sp100i) with a volumetric flow rate of 8.3 l min-1 for
approximately 5 pore volumes. Again, the column is weighed before and after the oil filling to
determine the mass of decane initially in the packed column and to check that the column contains
virtually no trapped air. The column is then attached to an HPLC pump (Jasco PU-1580 or PU-980
Intelligent HPLC Pump) and the aqueous surfactant solution pumped at a set flow rate and the total
pressure drop monitored. To determine the amount of oil removed from the column, the pump is
stopped, the column removed and weighed at appropriate time intervals. Since the density of decane
(0.7264 g cm-3 at 25oC) is different from the density of the aqueous surfactant solution (approx. 1.0 g
cm-3, measured precisely for each aqueous phase composition), the mass of the column increases
slightly as decane is displaced from the column and the measured masses can be used to derive the
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percent of the original oil in place recovered (%oil recovery). From repeated measurements, we
estimate the uncertainty in an individual column mass measurement to be +4 mg (this is larger than
the uncertainty resulting from the balance owing to the requirement to disconnect the column and
drying the connections prior to each weighing). Since the difference in mass of the column filled
with decane and filled with water is approximately 400 mg, this uncertainty in the individual mass
measurements corresponds to an uncertainty in the final value of %oil recovered of +2%. Solution
densities required for this calculation were measured using an Anton Paar DMA 35N density meter.
Adsorption isotherms. The adsorption isotherms for AOT adsorbing from aqueous solution to the
calcite powder surfaces were measured by a depletion method as follows. 20 ml of the required
concentration of surfactant solution and a known mass of calcium carbonate powder were added to a
60 ml glass jar fitted with screw top lid and a magnetic stirrer bar. The pH was measured with a
Jenway 3510 pH meter and adjusted as required. The samples were mounted within a thermostat
bath placed on top of a Variomag Poly 15 multipoint magnetic stirrer and were equilibrated with
stirring at 700 rpm for over 6 hours. Using repeat measurements with different equilibration times, 6
hours was found to be sufficient to ensure equilibrium was reached. After equilibration, the sample
was centrifuged at 6000 rpm for 5 minutes using a Baird & Tatlock Mk IV Auto Bench Centrifuge to
separate the calcium carbonate particles. The supernatant was titrated to determine the final AOT
concentration using the surfactant titration method detailed in ref 31.
Decane-aqueous solution interfacial tensions. Decane-water interfacial tensions above 5 mN m-1
were measured using the static maximum pull method with a Krüss K12 instrument using a du Noüy
ring. Tensions below 5 mN m-1, including ultralow values, were measured using a Krüss SITE 04
spinning drop tensiometer.
Contact angles. Contact angles (static, advanced) of drops of aqueous solution on calcite crystals
under decane were measured as follows. Calcite crystals were cut to a size of 9 mm x 9 mm x 9 mm,
polished, cleaned with heptane, dried using compressed air and placed in a glass 10 mm path length
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cuvette. The cuvette containing the crystal was filled with decane and placed in the thermostatted
cell of a Krüss DSA 10 instrument. A 0.2-0.5 μl sessile drop of the aqueous solution was carefully
injected on to the calcite surface, making sure to avoid any voids or cracks that occur in the crystal.
To obtain reliable contact angles, it is important that the field of view size of the three phase contact
line of the sessile drop is similar to or smaller than the capillary length of the oil-water interface (=
(/g)1/2 where  is the oil-water tension,  is the density difference between the two fluid phases
and g is acceleration due to gravity). Systems with an ultra-low oil-water interfacial tension
consequently have a very small capillary length and thus require small drop volumes and high
magnification to determine the contact angle. The horizontal microscope used here consisted of a
Navitar 1-60350 zoom system equipped with a Mitutoyo M Plan Apo 5 objective lens (magnification
5X, numerical aperture 0.14, working distance 34.0 mm) and a QImaging QICam digital camera
which enabled overall magnification of approximately 100X. Micrographs were taken of the static
advanced sessile drop and the contact angle measured with an on-screen protractor using Iconico
software (New York, Version 4.0). Contact angles were observed to reach a constant value within 1
minute or so and did not change significantly over periods of up to several hours. For Winsor III
systems containing three fluid phases, small drops of the third (surfactant-rich phase) were observed
to separate from the main water drop. In all cases, the contact angle measured corresponded to the
calcite-(water-rich)-(decane-rich) three phase contact line.
All measurements were made at a temperature of 25oC and pH of the aqueous solutions in the
range 9.0 to 10.8. For selected measurements, it was checked that changing the pH from 9.0 to 10.8
produced no significant differences.
Results and Discussion
Characterisation of the calcite particles and the flow properties of packed columns.
Table 1 summarises the average particle radii, specific surface areas and the radii and
volumes of the internal pores within the calcite particles for the three calcite powders. As described
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in the ESI, the permeabilities of the powder packed columns were measured and used to derive the
effective average pore radii corresponding to the interstices between the particles.

Powder

FC10
FC30
FC200
Table 1.

Packed
Average
Powder
Powder
column pore effective pore
particle
particle
volume
radius (ESI
internal pore
internal pore
fraction
Eq. 4)
volume
radius/nm
fraction
pore
rpore/m
1.4
8.6
0.08
110
0.45
0.16
5.0
10
0.04
49
0.40
0.33
23
19
0.05
26
0.34
0.69
Properties of the calcium carbonate powders used and packed columns containing the

Average
particle
radius
/m

specific
surface
area
/m2 g-1

powders. The average particle radii correspond to the average of the radii at 50% of
the cumulative distribution from sieving analysis and the mean radii derived from
SEM images.

Adsorption of AOT at the aqueous solution-calcite interface and the aqueous solution-decane
interfaces and the contact angles.
Surfactant EOR is thought to be optimal for oil/water/surfactant systems which, at
equilibrium, form microemulsion phases and exhibit ultralow oil-water interfacial tensions32-35. The
choice of AOT with decane and aqueous salt solutions for this study was driven by the fact that the
equilibrium properties of these mixtures are well characterised36-37. As shown in Table 2, we have
used three different salt concentration systems here and list the corresponding aqueous phase critical
microemulsion concentrations (cc), equililibrium microemulsion phase type (Winsor I or III)
formed in systems containing excess oil phase and the post-cc water-decane interfacial tensions.
However, it is important to note that, as in the case of surfactant EOR flooding generally, the
aqueous AOT solutions used in the calcite particle packed column experiments are not preequilibrated with the decane phase. Aqueous solutions containing the salt concentrations shown and
AOT concentrations above a critical aggregation concentration (cac) (with values generally similar to
the aqueous phase cc) prior to equilibration with decane form a turbid dispersion of lamellar phase,
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probably in the form of multilamellar, “onion-like” vesicles38-39. On equilibration with decane, these
mixtures solubilise decane to form either oil-in-water or bicontinuous microemulsions.

[NaCl]
/mM
0
40
75
Table 2.

Contact
%oil
Post-cc waterWinsor
recovery in
decane
angle  in
[Na2CO3]
system the absence the absence
interfacial
/mM
type
of
tension
of
surfactant
/mN m-1
surfactant/o
10
1.0
0.33
I
123
74
10
0.60
0.028
I
126
77
10
0.55
0.0079
III
120
73
Compositions and properties of the aqueous AOT surfactant solutions used.
Aqueous
phase cc
(with decane)
/mM

It is envisaged that the removal of decane trapped within the pores of the calcite packed
columns by AOT solutions of different concentrations will depend on the decane-water-calcite
contact angle, the decane-water interfacial tension and the extent to which AOT is depleted from the
aqueous solution by adsorption. The contact angle is determined by the balance of the decane-water,
calcite-decane and calcite-water interfacial tensions which vary with [AOT] due to adsorption at the
different interfaces. In this section, we show how AOT adsorbs at the different interfaces and how
this leads to the observed variation of contact angle with AOT concentration.
Figure 2 shows the adsorption isotherms for AOT from aqueous solutions to the calcite-water
interface. Qualitatively, it can be seen that the adsorption of AOT monomers is weak until just
below the critical aggregation concentration of the AOT (expected to be similar to the critical
microemulsion concentrations listed in Table 2 for the different systems). Above this point there is a
highly co-operative adsorption to form adsorbed films with surface concentrations of around 2
molecules nm-2. The iso-electric point of the calcite-water interface is approximately pH 9.540-45
which is within the range of pH values used here (9.0 to 10.8). Hence, the driving force for AOT
adsorption does not include strong electrostatic interaction but is likely to be dominated by
hydrophobic interactions leading to the observed highly co-operative adsorption at AOT
concentrations similar to the relevant cac. Following trials with several different theoretical
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adsorption isotherms46-47, the plots of Figure 2 were fitted to a Langmuir-type isotherm modified to
take account of cooperative adsorption through the parameter (equation 1)46.

surf nonadsorbed 

 / max 
1   / max  K  e  / 

(1)

max

where [surf]non-adsorbed is the equilibrium concentration of non-adsorbed surfactant,  is the surface
concentration of adsorbed surfactant, max is the maximum surface concentration, K is a constant
reflecting the strength of adsorption and β is the co-operativity parameter. When β is equal to zero,
the isotherm reduces to the Langmuir isotherm; >0 corresponds to anti-co-operative adsorption and
<0 corresponds to co-operative adsorption. For the 75 mM NaCl system, the parameters of the fit
shown in Figure 2 are max = 2.2 molecules nm-2, K = 0.446 mM-1 and  = -4.0. The adsorption
isotherms of Figure 2 are similar to those seen in a previous study of AOT adsorption on calcite48.
2.5
0 mM NaCl
2.0

0 mM NaCl coop. isotherm

Γ / molec nm-2

40 mM NaCl
1.5

40 mM NaCl coop. isotherm
75 mM NaCl
75 mM NaCl coop. isotherm

1.0

0.5

0.0
0.01

0.1

1

10

[AOT]free / mM

Figure 2.

Adsorption isotherm for the adsorption of AOT to the calcite-aqueous solution

interface from aqueous solutions at pH 9.3+0.3 and containing 10 mM Na2CO3 plus the NaCl
concentrations indicated. The curved solid line shows the best fits to the cooperative isotherm
(equation 1) with the parameters given in the text.

Figure 3 shows the variation of the decane-water tension with AOT concentration for the
three different salt concentrations. Due to adsorption of AOT monomers at the water-decane
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interface, the tension decreases from 42.5 mN m-1 (in the absence of AOT) to a value independent of
AOT concentration at the cc. Above the cc the tension is constant as the AOT in excess of the
cc forms microemulsion aggregates which do not adsorb at the water-decane interface. As
summarised in Table 2, the cc and the post-cc interfacial tension depend on the salt concentration.
100

γ / mN m-1

10

1

0.1

0 mM NaCl
40 mM NaCl

0.01

0.001
0.001

Figure 3.

75 mM NaCl

0.01

0.1
[AOT]free / mM

1

10

Variation of decane-water tension with aqueous AOT concentration at 25.0oC for
solutions containing 10 mM Na2CO3 plus the NaCl concentrations indicated. The
curved solid lines show the best-fits calculated as described in the text.

For the 75 mM NaCl system, the decane-water-calcite contact angle (measured through the
water) is 120+10o. As seen in Figure 4, the contact angle increases slightly with increasing [AOT],
decreases sharply around the cc and finally decreases slightly further before reaching a high [AOT]
plateau value of approximately 15o. The contact angle behaviour of the systems containing 0 and 40
mM NaCl (not shown) is qualitatively similar; the following discussion focuses on the 75 mM NaCl
system.
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Figure 4.
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0.001
0.01

0.1
[AOT]free/mM
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0.01

0.1
[AOT]free / mM
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10

Left plot: Variation of decane-water-calcite contact angle (measured through the

aqueous phase) with aqueous AOT concentration for solutions containing 75 mM NaCl and 10 mM
Na2CO3. The vertical dashed line indicates the cc. The horizontal dashed lined shows the contact
angle in the absence of added AOT. The solid line shows the calculated contact angle from the
water-decane (measured), water-calcite (derived from the measured adsorption isotherm) and
decane-calcite (invariant with [AOT]) tensions shown in the right hand plot.

The equilibrium calcite-water-decane contact angle is determined by the relative magnitudes
of the calcite-water, decane-water and calcite-decane interfacial tensions. The three interfacial
tensions in the absence of AOT can be estimated using considerations of the polar and dispersion
force contributions to the excess surface energies (surface tensions) of each component. The
interfacial surface energy of any substance x against air (x-air) can be expressed as the sum of the
components arising from the polar and dispersion forces (γp and γd respectively) as shown in equation
249.
(2)
 xair   xpair   xdair
p
d
Values of γ and γ derived from tension and contact angles and other methods are available in the
literature. Values (γp and γd respectively) are 50.4 and 21.5 mJ m-2 for water49, 0 and 23.8 mJ m-2 for
decane49 and 10.2 and 22.9 mJ m-2 for calcite50. It should be noted that the values quoted for calcite
depend strongly on the thermal pre-treatment and state of hydration of the calcite surface50-53. The
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values used here correspond to water-saturated calcite since this is most likely to correspond to the
calcite powders in the packed column flooding experiments. If the surface energies of two
components x and y against air are known, the x-y interfacial energy can be calculated using49:

 x y   xair   y air  2  xpair ypair  2  xdair ydair

(3)

Using equation 3 and the surface energy components noted above, the three interfacial tensions in the
absence of surfactant were calculated; decane-water,0 = 50.5, calcite-water,0 = 15.3 and decane-calcite,0 = 10.2
mN m-1. From the three interfacial tensions, the water-calcite-decane contact angle  (through the
water) is given by Young’s equation.

 calcitedecane   calcitewater
(4)
 waterdecane
which yields a value of 96o for pure water, slightly lower than but comparable with the value of
cos  

120+10o measured for water containing Na2CO3 and NaCl. In order to calculate the variation of
contact angle with surfactant concentration, the variation of the three interfacial tensions with
surfactant concentration must be estimated. The decane-water tension as a function of AOT
concentration is measured directly. It is known that AOT monomer does not partition to a
measureable extent from aqueous solution containing NaCl to alkane solvents36 and hence it is
assumed here that decane-calcite remains equal to its value in the absence of AOTdecane-calcite,0 for all
AOT concentrations. For the calcite-water interface, the tension as a function of AOT concentration
is obtained by integration of the measured adsorption isotherm according to the Gibbs adsorption
equation54.
C 
(5)
dC
0
C
where k is Boltzmann’s constant, T is the absolute temperature and (C) is the surface concentration

 calcitewater   calcitewater,0  kT 

C

of adsorbed AOT as a function of the AOT concentration C. Figure 4 shows the three interfacial
tensions estimated as described above and the corresponding variation of derived contact angle 
with AOT concentration and comparison with the measured angles. Despite the large uncertainty in
the surface energy components of calcite, it can be seen that the calculated plot correctly predicts the
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slight increase in angle as [AOT] approaches the cc and the sharp decrease in  at [AOT] ≈ cc.
For [AOT] > cc, the calculations predict that  = 0o whereas the measured values are in the range
40-15o. A possible reason for this discrepancy could be that the assumption of no AOT adsorption
from decane to the decane-calcite interface (based on the observed lack of partitioning of AOT from
aqueous NaCl solution to alkanes36) may not be valid in the presence of calcium carbonate.
Leaching of calcium ions from the calcite might produce Ca(AOT)2 species that may partition into
decane and adsorb at the decane-calcite interface. Such partitioning and adsorption could potentially
decrease decane-calcite and increase  at high [AOT]. Additional considerations of how surfactants can
affect contact angles relevant to EOR, e.g. solid surface roughness and surfactant mixture effects are
described in refs. 55-56.
Decane removal from a calcite packed column by aqueous surfactant solutions.
As described in the experimental section, most decane removal experiments were made by
pumping aqueous solution at a fixed flow rate of 5 l min-1 into the packed column. This volumetric
flow rate corresponds to an average linear velocity of the pumped fluid through the column u (equal
to Q/poreA) of approximately 2.5 x 10-6 m s-1 (equal to 0.7 feet per day), similar to actual field
conditions4. The interplay of pumped fluid velocity (determining viscous forces) and pore-scale
capillary effects on the oil mobilisation is normally discussed in terms of the capillary number Ca
which is the ratio of viscous and capillary forces acting on a fluid element. It is expected that, when
Ca is <1, flow is dominated by capillary effects and oil is trapped in the porous network. Oil is
released when Ca > 1 and the flow is dominated by viscous effects. However, as discussed in ref.
57, the correct estimation of Ca for multiphase flow in a porous network has been a long-standing
controversy because of the difficulty of estimating the viscous and capillary forces over identical and
correct length scales. In the EOR field, Ca is commonly defined as u/oil-water, for which the
velocity u is an average value over a macroscopic length scale. According to this definition of Ca,
oil mobilisation under typical field conditions occurs for Ca values greater than about 10-5 to 10-7,
15

much less than the expected threshold value of Ca equal to unity. In addition, the threshold value of
Ca depends on the morphology of the porous network, its wettability and its oil and water content in
ways which are not completely understood. Hence, although Ca provides some useful correlations to
interpret the variation of oil recovery with fluid velocity, viscosity and oil-water tension, there are
severe difficulties in using it for quantitative predictions.
Qualitatively, it is expected that the amount of oil recovery (after injection of >1 pore
volume) should be independent of pumped fluid flow rate when Ca is very low and to increase with
flow rate at high values of Ca. As seen in Figure S5, the oil recovery using pure water is
independent of flow rate below 0.005 ml min-1. This flow rate corresponds to a threshold value of
Ca of approximately 6 x 10-9 (oil-water is 42.5 mN m-1). When surfactant solution is used, oil-water is
0.0078 mN m-1, giving Ca values in the much higher range of 5 x 10-6 to 3 x 10-3 and the plot shows
no flow rate independent region between 0.001 and 0.5 ml min-1. Overall, it can be seen that for a
constant imposed flow rate of 0.005 ml min-1, systems with low AOT concentrations ( < approx.
cc/2) lie within the low Ca regime in which oil trapping is expected. Systems with AOT
concentrations equal to the cc or higher lie within the high Ca regime for which oil drop break-off
and mobilisation is expected.
When surfactant solution is pumped into the packed column, the concentration of nonadsorbed surfactant present in the aqueous solution [surf]non-adsorbed is less than the initial
concentration present in the pumped solution prior to entry of the column [surf]init due to depletion
by adsorption at the calcite-water and the decane-water interfaces. When oil recovery is high, the
depletion due to adsorption at the trapped decane-water interfaces is likely to be small and is
assumed negligible here. Consideration of the surfactant mass balance in a system comprising the
packed column plus n pore volumes of aqueous solution leads to the following relationship between
[surf]init and [surf]non-adsorbed.
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[ surf ]init 

n

[ surf ]nonadsorbed  1   pore  f  Aparticle   / N Av 

pore

(6)
n pore
where n is the number of pore volumes pumped through the column, Aparticle is the surface area per
mass of packed particles,  is the particle density and f is the fraction of the particle surface area
which is accessible to the aqueous solution. The fraction f is less than unity since some of the
particle surface area is covered with the decane trapped in the column, thereby rendering parts of the
particle surface area not accessible to the aqueous solution. The relationship between [surf]non-adsorbed
and adsorbed surface concentration  is given by the adsorption isotherm (equation 1), Aparticle and
pore are separately measured (Table 1), the calcite density is 2.71 g cm-3 and so the only unknown
parameter is f. The model described below enables the estimation of f which depends on the fraction
of oil remaining in the column. For the range of %oil recovery values measured here, f is estimated
to be in the range 0.3 – 0.6. In order to simplify the calculations, a mean value of f = 0.4 was used to
convert the values of [surf]init to [surf]non-adsorbed on the plots of % oil recovery versus surfactant
concentration. This scale transformation enables the values of % oil recovery to be linked directly
with the corresponding values of interfacial tensions, contact angles and critical aggregation
concentrations. In addition, the difference ([surf]init - [surf]non-adsorbed ) provides a measure of the
“wasted” surfactant which is retained by the packed column and is therefore likely to provide an
important input into the assessment of the economic viability of the oil recovery.
Modelling how % oil recovery depends on surfactant concentration
As described above, we have measured the % oil recovery under low flow rate conditions
such that capillary forces dominate over viscous forces, at least for systems in the absence of
surfactant. The % oil recovery has been measured at surfactant concentrations ranging from below
to above the critical aggregation concentration. For surfactant concentrations below the critical
aggregation concentration, the surfactant potentially affects the % oil recovery only because of the
changes in the contact angle and the value of the oil-water tension. Above the critical aggregation
concentration (when the concentration of non-adsorbed, non-aggregated surfactant, contact angle and
17

oil-water tension all remain constant), the surfactant aggregates present can additionally remove oil
by solubilisation. As detailed below, both these mechanisms are invoked to model the measured
plots of %oil recovery as a function of surfactant concentration.
We first consider how the % oil recovery is affected by contact angle  and oil-water tension
. In order to (greatly) simplify the calculations, we take the packed particle bed to consist of
monodisperse spheres packed in a cubic arrangement as shown in Figure 5. This type of cubic
packing was selected because the volume fraction of interstitial space (denoted as pore here) is equal
to (1 – /6) = 0.48 and is close to the value of pore = 0.45 measured for the randomly packed FC10
calcium carbonate particles used here. We postulate that, following flooding by aqueous surfactant
solution, the oil remaining in the particle packed column is trapped in the form of liquid bridges
between contacting particles58-60, as shown in Figure 5. For the calculations, the profile of the liquid
bridge is approximated as a circular arc. Using EXCEL, we calculate the profiles, volumes and
surface areas for a set of liquid bridges which all have a constant value of contact angle  but
different values of the parameter h defined in Figure 5. For each bridge of different h value, the
known geometry of the bridge’s curved oil-water interface and the value of the oil-water tension
enables the calculation of the Laplace pressure difference across the oil-water interface Pbridge. A
positive value of Pbridge indicates that the pressure inside the bridge is higher than outside the
bridge. We next consider what factors determine the size of the oil bridge which is stranded as
aqueous surfactant solution is pumped through the initially oil-filled packed bed. We assume that the
water flows through the particle interstices indicated by the dashed circle in Figure 5. The size of
this flow channel depends on the size of the residual oil liquid bridges. We estimate the average,
effective radius of these flow channels (denoted as rchan) as the radius of the circle which has an area
equal to the area of the particle interstice minus the areas of the four liquid bridges in contact with it.
We also assume that rchan cannot exceed the radius of the circle circumscribed by the particles (=
rchan,max). Thus, by setting the value of h for the liquid bridges, we are then able to calculate rchan for a
18

set value of liquid bridge size. In order to achieve flow through rchan, the driving pressure must
exceed the maximum Laplace pressure difference which occurs when a hemi-spherical “bulge” of
aqueous phase into the oil-filled interstice occurs. This maximum Laplace pressure Pchan = 2/rchan
and is also known as the capillary entry pressure. For fixed contact angle  and oil-water tension ,
the system can “choose” whether to bulge and breakthrough through small pores and leave large
liquid bridges (thereby giving a low % oil recovery) or to bulge and create large flow channels and
leave small liquid bridges. We postulate here that the size of the trapped liquid bridges and
corresponding value of the flow channel size rchan is determined by the condition that Pbridge = Pchan
(for rchan < rchan,max) or that rchan = rchan,max. The resulting estimation of %oil recovery is found to
depend only on the contact angle  and to be independent of the decane-water interfacial tension.
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Figure 5.

Cubic packing of calcite spheres showing the cross sectional profile of a liquid oil
bridge (red), the distance h (vertical solid black line) and the circular profile of a water
phase flow channel (green dashed line). Note that only a single oil liquid bridge is
shown here; each particle-particle contact point is assumed to have an identical liquid
bridge. The configuration shown here is calculated for calcite-water-oil contact angle
 (measured through the water) equal to 107o, particle radius = 1.4 m and h = 0.3
m.

The theory outlined above enables the estimation of % oil recovery due to the effect of the
added surfactant on the contact angle . For surfactant concentrations in excess of the cc, two
additional factors arise. Firstly, the additional surfactant is present in the form of aggregates which
can also remove trapped oil by solubilisation. To estimate this contribution, we assume that each
mole of aggregated surfactant solubilises Rsol moles of decane, where Rsol is the equilibrium
solubilisation molar ratio equal to [solubilised decane]/([AOT] – cc). Based on this assumption, the
%oil recovered by solubilisation using n pore volumes of aqueous phase is given by
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%oilsol = n MVdecane Rsol ([AOT] – cc)

(7)

where MVdecane is the molar volume of decane. The total %oil recovery is equal to the sum of the
contributions from the contact angle effect and from the solubilisation. Secondly, as discussed
above, when the surfactant concentration is increased to >cc, the oil-water tension reaches a very
low value and the system moves from the low to the high capillary number regime. In this high Ca
regime, viscous forces dominate over capillary forces which leads to the breakup and mobilisation of
trapped oil. This process is similar to emulsification in which the newly formed emulsion drops
require adsorption of surfactant to be stabilised. In order that the oil-water tension does not increase,
only surfactant in excess of the cc is likely to adsorb to the newly formed emulsion drops. Hence,
the amount of oil mobilisation by breakup and mobilisation (emulsification) is likely to be
proportional to ([AOT] – cc). We assume here that Rem moles of decane is emulsified per mole of
aggregated AOT in excess of the cc. The %oil recovered by solubilisation plus emulsification
using n pore volumes of aqueous phase is then given by
%oilsol+em = n MVdecane (Rsol + Rem) ([AOT] – cc)

(8)

Figure 6 compares the measured variation of %oil recovery as a function of the non-adsorbed
AOT concentration for systems containing 75 mM NaCl and 10 mM Na2CO3 with the model
calculations. With increasing AOT concentration, the %oil recovery increases slightly up to the cc
when it sharply decreases before increasing again. From the model calculations, the oil recovery
resulting from changes in contact angle increases slightly up to the cc and decreases sharply at the
cc when  decreases strongly. The increase in oil recovery above the cc is reasonably well
represented by equation 8 with a value of (Rsol + Rem) equal to 600 moles of decane per mole of
aggregated AOT. The maximum equilibrium solubilisation ratio of decane by AOT under these
conditions (Rsol) is approximately 10 (by extrapolation of the data from ref. 37). Hence, for the
system of Figure 6 with an ultralow value of the post-cc oil-water interfacial tension equal to
0.0079 mN m-1, the bulk of the post-cc increase in oil recovery occurs by breakup and mobilisation
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(emulsification) of the trapped oil as a result of the high capillary number. We note that the
uncertainties in the %oil recovery values for [AOT] > cc are larger than the uncertainty of +2%
estimated from repeatability measurements of the mass of packed column (see Experimental). This
greater irreproducibility observed above the cc may be due to slight variations in the calcite particle
packing from run to run having a large effect on the %oil recovery due to solubilisation and
emulsification (but not on the oil recovery resulting only from contact angle changes for [AOT] <
cc).
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1

Variation of %oil recovered after 4 pore volumes as a function of the non-adsorbed
(free) AOT concentration for solutions containing 75 mM NaCl and 10 mM Na2CO3.
The vertical black dashed line shows the cc and the horizontal black dashed line
indicates the %oil recovered in the absence of AOT. The red dashed line shows the
%oil recovered from the contact angle alone mechanism, and the green dotted line the
%oil recovered from the contact angle and the solubilisation/emulsification
mechanisms combined, both calculated using the model described in the text.

We interpret the %oil recovery after 4 pore volumes as resulting from surfactant-induced
contact angle changes plus solubilisation/emulsification for AOT concentrations above the cc. For
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systems containing AOT concentration ≤ cc, the %oil recovery resulting from contact angle
changes should be complete following the injection of approximately 1 pore volume whereas the
contribution from solubilisation and emulsification (for AOT concentrations > cc) should continue
to increase with the number of pore volumes injected. The upper plot of Figure 7 compares plots of
%oil recovery versus pores volumes injected for systems above and below the cc. Below the cc,
when oil recovery occurs only by contact angle change, the oil recovered remains constant after 1
pore volume. Above the cc, where oil recovery occurs by both contact angle change and
solubilisation plus emulsification, the recovery continues to rise after 1 pore volume. The lower plot
of Figure 7 shows the difference in oil recovery between 1 and 4 pore volumes as a function of the
non-adsorbed AOT concentration. Consistent with the model proposed here, the difference in
recovery is only significant for AOT concentrations in excess of the cc.
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Upper plot: variation of %oil recovery with number of pore volumes pumped for
0.005 ml min-1 of aqueous solutions containing 75 mM NaCl and 10 mM Na2CO3 into
an FC10 packed column with pore volume fraction 0.45 initially containing decane.
Plots for 10 mM AOT and zero AOT are compared. Lower plot: variation of the
change in %oil recovery between 1 and 4 pore volumes versus [AOT]free for AOT
solutions containing 75 mM NaCl and 10 mM Na2CO3 pumped into an FC10 packed
column initially containing decane.

From Figure 6, the oil recovery from solubilisation/emulsification after 4 pore volumes is
estimated to be 600 moles of decane per mol of aggregated AOT in the 75 mM NaCl system for
which the oil-water tension is ultralow (0.0078 mN m-1). Figure S6 shows the oil recovery plot for
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systems containing zero NaCl for which the post-cc oil-water tension is much higher (0.33 mN m1

). In this case, the value of (Rsol + Rem) is estimated to be approximately 60; ten-fold lower than the

ultralow, minimum tension system.
Finally, we note an additional factor which may affect the %oil recovery for [AOT] > cc.
As noted previously, the AOT solutions used here give microemulsion phases in equilibrated
mixtures with decane. However, the solutions injected here are not pre-equilibrated with decane.
Below the critical aggregation concentration (cac, similar in magnitude to the cc), they are singlephase solutions containing AOT monomers. Above the cac, they consist of slightly turbid
dispersions of lamellar phase, probably in the form of multilamellar, “onion-like” vesicles38-39 in
equilibrium with AOT monomers. On equilibration with decane, these mixtures solubilise decane to
form either oil-in-water or bicontinuous microemulsions19. When these dispersions are injected into
the packed column, the dispersed fragments of lamellar phase are expected to increase the resistance
to flow through the column. Consistent with this idea, the plot of measured pressure drop versus
volume of liquid pumped (Figure 8) rises to a maximum value which is considerably larger than the
pressure drop required to achieve the imposed flow rate and the estimated capillary pressure. The
pressure drop decreases progressively between 1 and 4 pore volumes rather than reaching a plateau
value as seen for other systems in Figure S4a-c. The increased driving pressure from the flow
restriction may act to further increase the removal of trapped oil.
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Variation of pressure drop (between pressure sensor 2 and column exit) with volume

of water containing 7 mM AOT and 10 mM Na2CO3, pumped at 0.005 ml min-1 into an FC10 packed
column with pore volume fraction 0.45 initially containing decane. (Oil-water tension = 0.33 mN m1

, contact angle through water = 0o, estimated capillary pressure Pcap (calculated as either 2/rpore or

2/rchan) = -0.0041 to -0.0011 MPa and the estimated pressure drop required for liquid flow Pflow =
0.044 MPa.)
Conclusions
The main novel aspect of this study lies in the full and systematic determination of the
surface and colloid chemistry system properties and their use to explicitly model the oil recovery.
We have shown how the variation of contact angle with surfactant concentration is related to the
measured tensions and adsorption isotherms. Knowledge of the adsorption isotherm enables the
estimation of the concentration of non-adsorbed surfactant in the packed column experiments which,
in turn, allows detailed analysis of the %oil recovery variation with surfactant concentration in terms
of the measured contact angles and the cc. We show that, for surfactant concentrations < cc, the
%oil recovery is determined by the contact angle. Above the cc, additional oil is recovered by a
solubilisation plus emulsification mechanism.
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