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Abstract

This work introduces a Targeted Emulsified-Solvent Injection (TESI) process for extracting
bitumen from oil sands. In TES], a solvent is emulsified near the emulsion phase inversion
point (PIP), where the interfacial tension and the emulsion stability are very low. This allows
the solvent to be easily emulsified and then deposited onto the bitumen-coated porous
media (under lower shear conditions, where the emulsion breaks), mixing with bitumen,
decreasing bitumen viscosity, and enabling mobilization and diluted bitumen recovery. The
design of the surfactant-solvent formulation was guided by the Hydrophilic-Lipophilic-
Difference and Net-Average-Curvature (HLD-NAC) frameworks. The HLD-NAC was
used to identify a formulation with less than 1% surfactant exhibiting ultralow interfacial
tension (~1073 mJ/m?), at the PIP, where HLD = 0. This formulation was injected into
columns packed with bitumen-coated sands at varying salinities and water-to-solvent
ratios. Using optimal conditions, bitumen recoveries of up to 83% can be obtained at room
temperature, without the need for steam or high-pressure injection, a condition suitable for
intermediate-depth reservoirs. The effluent emulsion of diluted bitumen can be gravity-
separated, allowing for the recycling of the aqueous solution containing the surfactant.
The recovery curves were modeled using a continuous stirred tank reactor (CSTR) model
coupled with a Capillary number model for thin viscous films that allowed the prediction of
effluent diluted bitumen viscosities and an estimation of the pressure drops in the column
that were consistent with experimental observations.

Keywords: bitumen; microemulsions; extraction; surfactants; HLD; NAC

1. Introduction

Bitumen extraction from Canadian oil sands is accomplished using two methods:
surface mining for reservoir depths below 75 m, and steam injection for depths above 300 m,
with a reservoir thickness of 10 m or more [1]. This creates an unexploited intermediate
depth region for which there is no suitable extraction technology, and where a surfactant-
based chemical enhanced oil recovery (cEOR) could fill the gap.

Chemical EOR has received ample attention and has been implemented from light
to heavy crude oils; some approaches involve the use of aqueous solutions of alkalis,
surfactants and polymers to reduce the interfacial tension (IFT) between the crude oil and
the displacing fluid (aqueous phase) and to improve the sweep efficiency by increasing
the viscosity of the displacing fluid to reduce its mobility relative to the oil, known as
mobility control approach [2]. Other chemical EOR approaches use stable oil-in-water
(O/W) macroemulsions to selectively plug the larger pore throats to control the mobility of
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the displacing aqueous phase towards the less permeable areas and enhance the sweeping
efficiency of the crude oil [3-5].

McAuliffe [3] was amongst the first to show that dilute stable macroemulsions can
be used to effectively reduce both the permeability and water mobility of a reservoir by
conducting flooding experiments on an array of cores. The emulsions effectively plugged
the more permeable cores, diverting the flow towards the less permeable ones. More
recently, Guillen et al. [4] conducted a similar experiment with two parallel sandstone
cores, reaching the same conclusion. McAuliffe also highlighted the advantage of stable
macroemulsions in achieving deeper penetration into the reservoir. Mandal et al. [5]
injected emulsion slugs after waterflooding in a sand pack initially saturated with light
crude oil, and attained 20% incremental recovery over waterflooding.

Different from the stable emulsion approaches mentioned above, the intent of this
work on Targeted Emulsified Solvent Injection (TESI) is to introduce an emulsified solvent
formulated near the surfactant phase inversion point, where the oil-water interfacial tension
(IFT or yo-w) is at or near ultralow conditions such that the emulsion can be maintained
during injection (under shear) but then breaks in the lower shear environment of the porous
media. Once the solvent is released in the porous media, the solvent is expected to mix (to
a certain extent) with the bitumen of the formation and reduce its viscosity. The surfactant
formulation is also expected to produce low or ultralow IFT with the solvent-diluted
bitumen produced in the formation, reducing the capillary forces retaining this diluted
bitumen to the porous media. At that point, the diluted bitumen (now behaving as a
light crude oil) is expected to follow the well-established mechanisms of surfactant-based
enhanced oil recovery [6-8].

Sarbar et al. [9] extracted bitumen from Athabasca oil sands using microemulsions
(nEs) containing solubilized solvent (at a water-to-solvent ratio (W/SI) of 2.2), and in some
cases emulsified solvent formulations (the latter being a similar approach to that used in
this work). The authors used a surfactant concentration (Cs) of 9 wt%, with 2-butoxyethanol
as cosurfactant, and flushed the formulations through packed oil sand columns, obtaining
recoveries of 71% with toluene and AOT (dioctyl sulfosuccinate surfactant), and over
85% with SDBS (sodium dodecylbenzene sulfonate). The authors used an approximate
solvent-to-bitumen ratio of 6. Sarma et al. [10] extracted heavy oil (10.5 Pa-s) from sand
packs using solvent-in-water emulsions with gas condensate (W/SI = 2.3-9.0) and nonionic
surfactant (C18E2, diethylene glycol mono octadecyl ether) at Cs = 1-2%. They injected
approximately 2 pore volumes (PV) of the formulation, followed by chase water flooding,
and achieved 40 to 60% recoveries. Sarma and colleagues emphasized that mobility control
to minimize viscous fingering, reduction of the oil viscosity by solvent dilution, and IFT
reduction are all important factors. Mohammadzadeh et al. [11] used a proprietary mixture
of solvents, alkali and surfactants capable of reducing the IFT to 0.03 mJ/m? and reducing
the residual oil saturation from 94% to 68% for heavy oil (12.5 Pa-s) at room temperature.

Although the literature discusses the complex interconnection among formulation,
heavy oil/bitumen viscosity and chemistry, capillary phenomena, and hydraulics, there
is no framework connecting these pieces. In addition to introducing TESI, this work
also explores a highly simplified mixing tank model that concentrates on tracking an
“instantaneous” solvent-bitumen mixing and how the interplay of viscosity, IFT reduction,
and superficial velocity results in diluted bitumen removal. While the model reproduces
the experimental trends and helps identify desirable operation conditions, its limitations
(particularly on mass and momentum transport considerations) and opportunities for
improvement are discussed in more detail.
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2. Model Development
2.1. Surfactant-Oil-Water (SOW) Phase Behavior Prediction with the HLD-NAC Model

The Hydrophilic-Lipophilic-Difference (HLD) + Net-Average Curvature (NAC) model
has been used as an equation of state to predict SOW properties (e.g., IFT, solubilization
capacity, contact angles, phase diagrams) starting from formulation conditions such as type
of surfactant, oil, salinity, and temperature [12,13]. For the specific case when the oil is
solvent-diluted bitumen, the naphthenic acid (NA) fraction in bitumen behaves as a polar
oil (partly as an oil and partly as a surfactant), which requires the incorporation of this
polar oil behavior in the HLD-NAC model [14,15]. Although this has required complex
parameter determination and fitting in the past, Tan and Acosta introduced a protocol for
the prediction of SOW phase behavior of nonionic surfactant mixtures and an oil mixture
of non-polar oil (heptane) and polar oil (clove oil) [16]. A set of chapters of a book on
HLD-NAC reviews the origin and validation of the terms in the HLD equation, and the
mixing rules used to calculate mixed surfactant and mixed oil behavior [12,17,18]. The
algorithm of Figure 1 is an adaptation of Tan and Acosta’s algorithm to anionic surfactant
mixtures. The algorithm of Figure 1 is later used to predict the interfacial tension (IFT) of
diluted bitumen with a mixture of AOT and sodium oleate (anionic surfactants).

Block BA1 of Figure 1 introduces the inputs of the model: T is the temperature of the
system (25 °C for the systems of this work); Cc; and Cc; are the characteristic curvatures
(Co) of surfactants 1 (AOT), and 2 (sodium oleate, or SOle); Ccp, is the Cc of the naphthenic
acid (NA, polar oil) present in bitumen; EACNy,, is the equivalent alkane carbon number
(oil hydrophobicity) of the non-polar oil (a mixture of 67 vol% cyclohexane, EACN = 3,
and 33 vol% bitumen, EACN = 11 [14]; thus, EACNpp = 3 x 0.67 + 11 x 0.33 = 5.6 [18]);
EACNy, is the EACN of naphthenic acid (estimated using the octanol-water partition,
logP = 5.5, and density = 0.98 g/mL in a shortcut method for EACN estimation [18]);
(vs/as)1 and (vg/as); are the surfactants’ molecular volume to interfacial area (neck area)
ratio; k is the EACN constant; a is the temperature constant (0.01 °C~1 [17]); L is the
surfactant tail parameter, that for surfactant mixtures can be estimated using the linear
mixing rule L = xs;L1 + (1 — xs1)Ly, where xs1 is the molar fraction of surfactant 1 mixed
with surfactant 2; S is the salinity of the system, noted as % NaCl in this work (S = 1% means
1 g of NaCl/100 mL of aqueous solution, or 0.17 M NaCL); Km is the partition coefficient
of the polar oil between the surfactant layer and the bulk oil phase; qmax is the maximum
ratio between the moles of polar oil (naphthenic acid) to moles of surfactants (surfactants
1 + surfactants 2) at the interface; Cs; and Cs; are oil-equivalent molar concentrations
(surfactant moles/volume of oil phase) of surfactants 1 and 2; Cj;, is the initial molar
concentration of the polar oil (naphthenic acid) in the oil; MW7, MW,, and MW,,, are
the molecular weights of surfactants 1, 2 and of the polar oil; p1, p2 and ppo are the
densities of surfactants 1, 2 and of the polar oil; Er is the interfacial rigidity of the system,
reflecting the surfactant-surfactant interactions, reported in KgT (Boltzmann’s constant
times temperature, thermal energy units); finally, & is the characteristic length of the LE,
interpreted as the maximum solubilization radius that the SOW system can achieve.

The prediction of the characteristic length (&) has recently become possible through
the overlap factor theory (OFT) [12], and its application to mixtures with polar oils [16]:

-1

E=Y" — ) exp(0.84- (HLDpo — HLDyp ) ) (1)
1.64A-exp (5\3/\%‘1)

1
1

where Xx; is the molar fraction of surfactant “i”, (v¢/as); is the ratio between surfactant

tail volume and the surfactant area per molecule, Vm,; is the molar volume of the oil
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(Vmg; = 240 A3 estimated for 2 parts cyclohexane and 1 part bitumen with an average MW
of 500 g/mol and a density of 1 g/mL). HLDp, and HLDy,, are the HLDs of the system
considering the presence and absence of polar oil, respectively. The values and sources of

BA1

Input: T, Cey, Cea, CCpor EACN,y, EACN,, (vo/a.) 1, (Vo/as) 2 k
o L, S, Km, quaw Csy, Csg, Cipoe MW, MW, , MWg, po, o

the inputs are listed in Table 1.
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] B
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End

Figure 1. Bifunctional HLD-NAC algorithm for mixtures of anionic surfactants (AOT and sodium
oleate) with a polar oil (naphthenic acid). Adapted from the bifunctional algorithm for nonionic
surfactants of Tan and Acosta [16].

Block BA2 concentrates on determining the proportion of the polar oil (naphthenic
acid, NA) that segregates towards the oil-water interface, and the proportion that stays
in the bulk oil. To this end, the Langmuir adsorption equation q = gmax-KmCepo/(1 +
Km-Ce,po) is used, where q represents the moles of polar oil segregated to the interface
per mole of total surfactant. The total surfactant, in this case, is the mixture of surfactants
1(AOT) and 2 (SOle). Ce po is the concentration of naphthenic acid in the bulk oil after the
segregation process reaches equilibrium. Equation [A1] calculates C o after combining
the Langmuir adsorption isotherm with a mass balance equation for polar oil, considering
the initial concentration of the polar oil before the segregation occurs (C; o) and the oil-
equivalent surfactant concentrations (Cs; and Cg). With the value of Ce o, Equation [A2]
calculates “q”. With “q”, the molar fraction of the polar oil that is segregated to the interface
(Xpo) is calculated using Equation [A3]. The molar concentration of the polar oil in the bulk
Ce,po is then turned into a volume fraction (yp,) using Equation [A4].
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Block BA3 concentrates on obtaining the main HLD parameters: the characteristic
curvature of the surfactant and polar oil mixture (Ccpix), reflecting the hydrophilic (negative
Cc) or hydrophobic (positive Cc) tendencies of the surfactant system; and the EACN
of the oil mixture (higher positive EACN meaning a more hydrophobic oil). To this
end, Equations [A5] and [A6] calculate the molar fractions of surfactants 1 (x;) and 2 (xy),
respectively, but considering the molar fraction of polar oil (xpo). Equation [A7] uses a linear
molar-based mixing rule to determine Ccpix and the Cc of the individual components. The
use of a linear mixing rule has been found suitable when mixing surfactants of the same
charge (anionic-anionic in this case), and when mixing surfactants and polar oils [17,19].
Equation [A9] uses a volume-based linear mixing rule [20] to find the EACN of the mixture.
Equation [A8] calculates the volume to surface area for the mixed surfactant systems,
excluding the polar oil, which segregates near the oil-water interface without introducing
additional interfacial area [19,21,22].

Block BA4 concentrates on determining the HLD of the SOW system using Equation [A10].
The HLD serves as an indicator of the hydrophilic (negative) or hydrophobic (positive)
nature of the entire SOW system. In this work, we undertook salinity (S) scans to obtain
different interfacial tensions (Yo-w), and therefore, Equation [A10] produces one HLD value
for each salinity used; this HLD will be negative for low salinities and positive for high
salinities. This block also introduces two transition HLDs; the first transition is at HLDy_pj
(Equation [A14]), whereby if HLD of the system is more negative than HLDyyy then the
system produces micellar type or Type I (oil-in-water) uEs; the second transition is at
HLDyn (Equation [A15]), whereby if HLD of the system is more positive than HLDyyj,
then the system produces reverse micelles or Type II (water-in-oil) uEs; systems in between
these transitions produce bicontinuous Type III uEs. These transition boundaries are
predicted by the NAC model utilizing the two-state model, whereby the shape and size
of nEs can be described considering one state where oil is solubilized (with solubilization
radius Ro = 3 x volume of oil solubilized /surfactant interfacial area) in a water-continuous
phase, and a second state where water is solubilized (with solubilization radius Rw) in an
oil-continuous phase. The NAC establishes two curvatures to describe shape and size: one
is the net curvature (Hn) that represents the area-averaged curvature of the interface, and
the average curvature (Ha) that represents the inverse of the radius of a sphere that has the
same volume-to-area ratio as the uE, a radius that reflects the uE size (§) [12]:

1 1 HLD
Hn=( —— — | = —
n (Ro Rw) L @
1/ 1 1 1
Ha = 2(R0+Rw) = ©)

For systems where HLD < HLDyyj;, water is the continuous phase and the solubiliza-
tion radius of water, noted as Rwont for this case, is calculated using Equation [A12]. For
systems where HLD > HLDyypj, oil is the continuous phase and the solubilization radius
of oil, noted as Rocont for this case, is calculated using Equation [A13]. Equation [A11]
calculates the volume fraction of the surfactant, s, which is approximately the same in the
aqueous and the oil phase considering that the algorithm of Figure 1 was originally devel-
oped for water-to-oil volume ratios (WOR) of 1; however, for relatively small s (less than
1% in the aqueous phase in this work), the model can be extrapolated to extreme WORs
because the continuous phase solubilization radius of 0il (Rocont) and water (Rwont) are
much greater than the characteristic length (&), rendering the terms 1/Rocont and 1/Rweont
negligible in comparison with 1/&, which is used to calculate the Type I-III-II pE transitions.

The purpose of the dashed section of Figure 1 is to calculate Ro and Rw for a given
HLD value. Block BA5 calculates Ro (Equation [A16]) from Equation (2) for Type I uEs,
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setting Rw as Rweont (Equation [A17]). Block BA6 calculates Rw (Equation [A18]) from
Equation (2) for Type II uEs, setting Ro as Rocont (Equation [A19]). Block BA7 calculates
Ro (Equation [A20]) and Rw (Equation [A21]) for Type III uEs by solving Equation (2) and
Equation (3) simultaneously, and setting &y, the UE size, as the characteristic length of the
system (&) that, as indicated before, is the maximum solubilization or the maximum value
that &£y can reach.

Finally, block BAS predicts the interfacial tension of the system (y,-w) using Equation
[A22] and the values of Ro and Rw obtained for each HLD at a given salinity (S). The values
of these predicted IFTs will be compared with experimental values.

Table 1. Input table for the bifunctional HLD-NAC algorithm of Figure 1 for anionic surfactants
sodium dioctyl sulfosuccinate (Aerosol-OT or AOT) and sodium oleate (SOle) in the presence of
cyclohexane (CHX)-diluted bitumen containing naphthenic acid (NA, a polar oil).

Parameter Value Notes
Ccq (AOT) +2.5 From the HLD-NAC database [17]
Cc, (SOle) -1.7 From the HLD-NAC database [17]
Cepo (NA) +3.8 From Perez-Franco and Acosta [15]
Calculated considering EACNSs of 11 for bitumen
EACNpp, (CHX/B =2) +5.6 (B) [14] and 3 for cyclohexane (CHX) [18], and a
2/1 volume ratio.
EACNp, (NA) 3.7 From the shortcut method [18]
K 0.16 From the HLD-NAC database [17]
ar, (°C)~1 0.01 From the HLD-NAC database [17]
Km, (mol/L)~! 9 From Perez-Franco and Acosta [15]

Jmax (mol polar oil/mol surf) Cipo/(Csy + Csp) Value can range from 0.6 to 10 [16]
(vs/as)1, A 6.1 From the HLD-NAC database [17]
(vs/as)y, A 12 From the HLD-NAC database [17]
(vi/as), A 4.1 From the HLD-NAC database [17]
(vi/as), A 12 From the HLD-NAC database [17]

L, Ly, A 10, 29 Estimated as 1.2 times tail length [17]
MW, MW2, MWy (g/mol) 444, 304, 250 O imated from s i marmber
P1, P2, P3, g/mL 1.08, 1.05, 0.98 From the HLD-NAC database [17]
Csq (AOT), mol/L 0.011 Set by Stammitti [23]
Cs;, (SOle), mol/L 0.010 Set by Stammitti [23]
Cipo (NA), mol/L 0.02 Calculated from 1.5% Na in bitumen [14]
S, % NaCl 0.1to2 Salt in the aqueous phase
Er, KgT 1 From Perez-Franco and Acosta [15]

2.2. Continuously Stirred Tank Reactor (CSTR) Model for Bitumen Dissolution and Remouval

Earlier attempts at understanding bitumen removal in TESI using conventional capil-
lary number (Ca) definitions and reservoir modeling considerations pointed to the dissolu-
tion of bitumen in the solvent as the controlling step of the process [23]. Figure 2 illustrates
a schematic of this approach. According to the CSTR approximation, the bitumen layer
deposited on the surface of the pore can be thought of as being composed of two parts, one
an “unavailable” (insoluble) portion, with residual saturation (volume fraction of the total
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pore volume) Sny. This portion is not insoluble due to thermodynamic limitations, but
rather due to the transport conditions of the process (flow, viscosity ratio, temperature, etc.)
that do not provide enough time for the solvent to reach the deepest portion of the bitumen
in the pore. A more comprehensive model would replace this insoluble compartment
with a kinetic model of the dissolution of bitumen. The “available” bitumen portion, with
residual saturation Sny, is considered to mix with the emulsified solvent instantaneously.
The sum of the available and unavailable saturations should lead to the total (initial) bi-
tumen saturation (Sng = Sna + Sny). Once the bitumen mixes with the solvent, a new
compartment of “diluted bitumen”, or DB, is created, with a residual saturation Snpg. As
more emulsified solvent (in the aqueous surfactant solution) is pumped into the porous
media, Snpp increases (filling stage) until this residual saturation reaches a maximum
residual saturation (Snmax) set by the capillary conditions, reflected by a critical Capillary
number (Ca,) that considers the viscosity ratio (A) between the diluted bitumen and the
aqueous phase. In the reservoir engineering literature, this Snmax concept is equivalent to
the critical saturation. Since the injection of solvent changes the viscosity of the oil and the
viscosity ratio (A), Snmax changes throughout the duration of the solvent injection. As the
diluted bitumen saturation reaches Snmax, the diluted bitumen begins to be released from
the porous media (production stage).

Initial Stage Filling Stage Production Stage
Emulsified Diluted Bitumen

. He
= H=
=] H =
vl H)
- ': _.-:
[ E [
5 s
K (=
o T oo pul )
a noy =] ]
¥ c = = I
u a o o =1
=5 E = = =
o == = o
= £ 3 5§
o m e w [=
- - -
= 5
5 E
a 8
=

Emulsified Solvent Injection Emulsified Solvent Injection

Figure 2. Schematic of the CSTR model for bitumen removal through the TESI approach. Sny is the
initial residual saturation of bitumen in the pore. Sny is the residual saturation that is available for
mixing with the emulsified solvent. Sny; is the residual saturation that does not mix with the solvent
and is not removed from the pore. Snmay is the maximum residual saturation in the diluted bitumen
(DB) chamber.

The Supplementary Information File contains the mass balance for this CSTR approx-
imation, leading to the equation for the bitumen recovery, %rec = 100:(1 — exp(—(Sna +
Slpy — Snmax)/SNmax))-Sna /Sng, where Slpy is the volume of solvent (fed as an emulsion
in the aqueous surfactant solution), reported as pore volume of solvent injected. The CSTR
model was implemented in the algorithm of Figure 3. The purpose of the algorithm is to
fit bitumen recovery (%rec) using the appropriate critical capillary number (Cay,_git, the
Cajy value beyond which oil is released from the porous media) and unavailable residual
saturation (Sny). After achieving that fit, the algorithm proceeds to predict the viscosity of
the produced diluted bitumen (upg) and the pressure drop across the column (AP).
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Figure 3. Algorithm for the Continuously Stirred Tank Reactor (CSTR) model for bitumen dissolution
and removal.

The inputs of the CSTR algorithm (block BB1) include the initial bitumen saturation
(Snyg), the superficial velocity of the injected emulsion (vp, volumetric flow /column’s cross-
sectional area), the porosity of the packed column (e,), the oil-water interfacial tension
(Yo-w), the viscosities of the pure solvent (ug)), of the undiluted biluted (ug), and of the
continuous phase (L, taken as the viscosity of the continuous phase of the emulsion, the
aqueous surfactant solution) and the parameter “oc” used in Lederer’s model [24] to relate
the viscosity of diluted bitumen (upp) with the solvent volume fraction mixed with bitumen
(@g1); the input also includes the initial Darcy permeability of the column (kp,), and the
length of the column (Lc). Finally, the factor f,, used to obtain the particle-based calculated
Capillary number (Cay, c,1c), is also set in this block.

Block BB2 sets the initial guesses for the critical capillary number (Cap,_cit), and the
unavailable saturation (Sny), and Equation [B1] calculates the available saturation (Sny).
Block BB3 sets the initial guess of maximum saturation (Snmax), which later has to be
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confirmed (or reassessed) to match the previously set Cap_u for the given solvent pore
volume being considered (Slpy). If the saturation of the sum of the available saturation
and the solvent pore volume is more than the maximum saturation (Sna + Slpy > Snmax),
then the system has entered the production stage and the % bitumen recovery (%rec.,¢) is
calculated through Equations [B2] and [B3] (derived in the Supplementary File) in block
BB4, followed by Equation [B4] used to calculate the solvent-to-bitumen volume ratio
(S1/B) in the produced bitumen. If the conditional is not satisfied, then the system is not
yet in production; thus, there is no bitumen recovery (Equation [B6]), and the S1/B ratio is
calculated with Equation [B7].

In block BB5, the volume fraction of bitumen mixed with the solvent is calculated
using Equation [B8], and the solvent volume fraction with Equation [B9]. The viscosity
of the diluted bitumen (upg) is calculated using Lederer’s model [24], represented by
Equation [B10]. Equation [B11] calculates the effective porosity of the system (o) by
subtracting the fraction of the volume occupied by the undiluted and diluted bitumen
from the total porosity. Equation [B12] calculates the diluted bitumen normalized film
thickness (ef,) using Mehrabian’s particle-based Capillary number (Ca,, but noted in the
algorithm as Cap) [25], which was developed to represent how shear from a low-viscosity
aqueous medium is transmitted to viscous diluted bitumen films. In Mehrabian’s work,
€fim 15 calculated as the ratio between the diluted bitumen film thickness and the particle
radius. In this work, the film thickness (“b” in Figure 2) is estimated as the ratio between
the volume of diluted bitumen (Vpp) and the particle area (ap), b ~ Vpg/ap. The particle
radius (Rp) can be estimated as R, ~ 3V, /ap, where V;, is the volume of the particle.
Therefore, eqym =b/Rp ~ Vpe/3Vp ~ (Vpp/VT1)/(BVp/VT), where Vr is the total volume
of the porous media. The numerator of Equation [B12] represents (Vpg/VT), and the
denominator represents (3V, /Vr). Equation [B13] calculates the ratio between the viscosity
of diluted bitumen and the viscosity of the continuous phase (A). Equation [B14] is used
to obtain the particle-based calculated Capillary number (Cay, caic), based on Mehrabian’s
particle-based Capillary number (Cap) [25], but modified to estimate the pore velocity
as the ratio between the superficial velocity (vp) and the effective porosity (eesf), and
incorporating a scaling factor, f,, to correct the effect of viscosity ratio (A), that was initially
developed for free-falling oil-coated particles in aqueous media. This calculated capillary
number, Cap, ca1c, is then compared with the set critical capillary number (Cay,_git), and if
they do not match, then a new Snpayx is assumed in BB3, and the calcs in BB4 are repeated
until Cap ca1c ~ Cap_crit- Once the match is obtained, the calculated oil recoveries (%rec_calc)
for different solvent pore volumes (Slpy) are compared with the experimental values, and
if they are far from each other, new values of Ca;, it and unavailable saturation (Sny) are
selected in BB2.

Once the deviations between the experimental and calculated recoveries are min-
imized, the pressure drop (AP) across the column is then estimated in block BB6.
Equation [B15] is used to calculate the initial effective porosity (¢, of). Equation [B16] is
used to calculate the lubricating film ratio (&) between the diluted bitumen film thickness
“b” and the effective inner pore radius “Rpe”, illustrated in Figure 2, such that &g, =b/Rpe.
To estimate this ratio, let us imagine the pore being a cylinder where the volume of the fluid
(Viuig = diluted bitumen + aqueous core) is Vg = n'Rpez-Lp, where Lp is the length of the
pore; and where the volume of the aqueous core is Veore = 70 (Rpe — b)Z-Lp; then Veore/ Vauid
= (Rpe — b)?/ Rpe2 =(1-b/ Rpe)z, where the ratio of the two volumes is the ratio of their
respective saturations, Veore/ Vauig = (1 — b/ Rpe)2 = (1 — Snpg — Sny)/(1 — Sny); then,
isolating for &g, = b/Rpe yields Equation [B16]. The lubricating film ratio is then used in
Equation [B17] to calculate the relative permeability of the continuous aqueous phase (kyq).
Equation [B17] incorporates the film slip term (1 + 4¢4,) from Berg et al. [26] and a factor
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derived from the Kozeny-Carman equation to track how changes in the effective porosity of
the media (as a result of changes in Snpg) change the relative permeability to the aqueous
phase. Finally, Equation [B18] applies Darcy’s law to calculate the pressure drop across
the column. It is important to clarify that in this work we assume that the flowing phase
is the emulsified diluted bitumen in water, but despite being an emulsion, the viscosity
of that flowing phase () is taken as the viscosity of water because, contrasting with the
flow of other emulsions in porous media, emulsions prepared at the phase inversion point
(HLD = 0), under the conditions where the water-to-oil volume ratio (WOR) is greater than
1 (the conditions of this work), then the viscosity of the emulsion is approximately the
viscosity of water [27]. It is also relevant to clarify that, since we were using a sand pack,
we neglected anionic surfactant adsorption losses, which should be considered in other
types of formations, such as carbonaceous reservoirs [28].

3. Materials and Methods
3.1. Chemicals, Solids and Surfaces

All the chemicals were sourced and used as received from the respective manufac-
turers. Toluene reagent grade (>99.5%) was obtained from Caledon Laboratory Chemicals
(Georgetown, ON, Canada). Dioctyl sulfosuccinate sodium salt (AOT, >97%), oleic acid techni-
cal grade (>90%), sodium dodecyl sulfate (SDS, >99%), cyclohexane (anhydrous, 99.5%) and
glycerol (>99.5%) were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). Sodium
chloride biotechnology grade (>99.5%) and sodium hydroxide reagent grade (>98%) were pur-
chased from Bioshop Canada (Burlington, ON, Canada). Anhydrous ethanol (UN1170) was
acquired from Green Field Specialty Alcohols Inc. (Toronto, ON, Canada). Deionized-
distilled water (DiDW) was obtained in-house using a Corning Glass Works distilla-
tion unit (Corning, NY, USA) equipped with an Ultra-High Purity deionization car-
tridge from Thermo Scientific Inc. (Waltham, MA, USA), reaching a surface tension of
71.24 £ 0.02 mJ/m? at 25 °C. Coker feed Athabasca bitumen was kindly donated by Syn-
crude Canada Ltd. (Edmonton, AB, Canada). Washed play sand was acquired from a local
hardware store.

3.2. Surfactant-Oil-Water (SOW) System

The SOW system was chosen for this study, guided by the HLD-NAC framework, to
produce an ultralow interfacial tension and relatively large oil solubilization capacity at
low salinity and surfactant concentration. AOT was chosen since it has a large positive
characteristic curvature (Cc) that reduces the amount of salt needed to achieve phase
inversion. Furthermore, AOT has been employed in oil sand extraction studies [9]. Sodium
oleate (SOle) was selected because of its negative Cc that counterbalances the positive
Cc of AOT, but more importantly, the double bond in the middle of the oleate chain
helps to disrupt the tendency of AOT to form liquid crystal structures. Cyclohexane was
selected as the solvent for diluting bitumen in the column studies since it can fairly disperse
bitumen components, particularly asphaltenes [29], it is not as environmentally hazardous
as toluene, and it is also used in the extraction of vegetable oils. Furthermore, cyclohexane
has been shown to produce minimal (if any) asphaltene precipitation, which could change
the bitumen composition during extraction [30].

A main stock surfactant solution was prepared with total surfactant concentration
(Cstotal) Of 1.64% (expressed in grams of surfactant per 100 mL of aqueous phase) and
surfactant mass ratio of AOT/SOle = 1.56, which corresponds to a 0.045 M equimolar
mixture. The stock solution was prepared as follows. The specified mass of AOT (solid)
was placed into a volumetric flask and filled halfway with DiDW. The flask was placed in an
environmental incubator shaker for one hour (Orbit Environ-Shaker, Lab-Line Instruments
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Inc., Melrose Park, IL, USA) set at 37 °C and 150 rpm to facilitate dissolution. Then, the
required volume of oleic acid was added, followed by sodium hydroxide at 1.5% excess of
the stoichiometric amount to ensure complete neutralization. Next, the flask was removed
from the shaker and allowed to cool down. Finally, the volume was completed by adding
DiDW slowly to avoid the formation of bubbles. The stock solution had a pH of 9.3.

For the interfacial tension (IFT) measurements, sequences of phase behavior scans
were prepared varying salinity (S) and a Csya1 0of 0.83% (0.023 M) to identify the optimum
salinity (5*) of the SOW system. This concentration of surfactant is enough to reach low to
ultralow IFTs. Each aqueous solution was contacted at a 1:1 volume ratio with cyclohexane
or bitumen diluted with cyclohexane (CHX/B) at a solvent-to-bitumen mass ratio (S1/B) of
2.0. The vials were gently tumbled 10 times and allowed to equilibrate for a minimum of 48
h before measuring IFT. The pH of the equilibrated aqueous phases ranged from 8.7 to 8.9.

3.3. Interfacial Tensions and Viscosities

Upon equilibration, the aqueous and organic phases were separated, and the interfacial
tensions (IFTs) were measured with a spinning drop tensiometer from TEMCO Inc. (model
500, Tulsa, OK, USA) at room temperature 25 £ 2 °C [31]. For each measurement, the
drop shape was monitored for 1000 s, preventing excessive heating through an evaporative
cooling towel.

The viscosities of CHX/B at varying SI/B mass ratios and the aqueous phases of the
equilibrated SOW systems were measured with the syringe aspiration method, which is
frequently used to measure the viscosity of small blood samples, and it has been used
in oil recovery studies [32,33]. This method was particularly useful for measuring the
viscosities of the oil phases (<1 mL in some cases) in effluents collected from the column
studies, as explained later. A series of glycerol-water mixtures was prepared in the range
of 1-150 mPa-s for calibration. The viscosities of these mixtures were measured with a
TA Instruments CSL2 500 Carri-Med rheometer (TA Instruments, New Castle, DE, USA).
A Hamilton® MicroLiterTM syringe model 810RN (100 uL) with a 22s-gauge point style
#2 needle (Hamilton Robotics, Reno, NV, USA) was calibrated using the glycerol-water
mixtures. This syringe has a dead volume of 1.13 pL, which minimizes the loss of sample.
The syringe was clamped to a stand, and the needle was introduced into the desired sample.
The plunger was then pulled up rapidly to the 50 uL mark to generate a vacuum, and the
fill-up time was recorded down to 0.01 s. Each measurement was repeated a minimum of
five times to ensure reproducibility. After each experiment, the syringe was thoroughly
cleaned with toluene, ethanol and acetone and allowed to air-dry. The calibration curve
and the viscosities of the diluted bitumen (upg) at room temperature, 25 £ 1 °C, are shown
in Figure 4.

3.4. Oil Sand Preparation and Packing

Artificial oil sand at 10%wt. oil content was prepared in 40 g batches by coating
clean and dry sieved play sand samples with bitumen. To facilitate manipulation and
ensure an even coating, a bitumen sample was first diluted with toluene at SI/B = 0.3 and
mixed overnight in a wrist action shaker. The use of toluene as solvent helped prevent any
possible changes in bitumen composition due to asphalthene precipitation.

Diluted bitumen was slowly added to the sand and mixed with a spatula for 15 min.
The coated sand was placed under the fume hood for 48 h and periodically stirred to evap-
orate the toluene. This procedure was adapted from Quraishi et al. [33], who demonstrated,
via multiple sampling of different sections of the batch, that the deviations in composition
(from UV-VIS spectra of toluene-extracted fractions) were less than 2% of the nominal
value. The 48 h required for drying was determined by periodic gravimetric measurements
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(to reach a constant weight, within £2 g). This relatively short aging period would not
reproduce oil sands exposed to surface conditions that lead to oxidation of various bitumen
components, but it is still relevant to mid-zone reservoirs where weathering by air exposure
is limited—this is the target formation of this work. It is also relevant to note that in our
simulated oil sands, bitumen is in contact with dry sand, thereby eliminating the possibility
of a connate water film that is said to facilitate the extraction of Athabasca oil sands. The
lack of that film is believed to explain why Utah oil sands are difficult to extract.
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Figure 4. Viscosity of the cyclohexane/bitumen system at different ratios and corresponding fitting
of Lederer’s model [24]. Literature values for the toluene/bitumen system from Guan et al. [34]
included for comparison. The inset is the calibration curve of the syringe method for viscosity
measurement using glycerol-water mixtures (the circles are the experimental data, and the line is the

linear regression).

The bitumen-coated sand was packed wet in a Kontes™ Chromaflex™ column
(Kimble Chase, Rockwood, TN, USA) of 2.5 cm diameter and 15 cm height. The column
was packed by first adding some packing solution, followed by the bitumen-coated sand in
0.5 cm increments in packed bed height. The oil sand was gently tapped with a glass rod to
ensure a homogeneous packing. A 0.4% sodium dodecyl sulfate (SDS) solution was used
as packing fluid to reduce the surface tension and mitigate air bubble entrainment during
the packing process. It is important to note that no bitumen was detached during the
packing process (no bitumen clumps or oily sheen on the surface of the packing solution).
The total volume of packing fluid that was utilized and the mass of oil sand packed were
recorded once the column was fully packed. The porosity of the packed column (e0) was
calculated as eo = (volume of packing fluid + volume of bitumen associated with the packed
sand)/(volume of the column, which was 73.63 mL). The initial bitumen saturation (Sn0)
was calculated as Sn0 = (volume of bitumen associated with the packed sand)/(volume of
packing fluid + volume of bitumen associated with the packed sand).

The packed column was connected to the experimental setup, as shown in Figure 5. A
Cole-Parmer Masterflex® L/S® digital peristaltic pump drive (model 7523-60) equipped with
a Masterflex® Easy-Load® pump head (model 7518-10) (Cole-Parmer, Montreal, QC, Canada)
was used to control the flow rate. The tubing used was Masterflex® Tygon® (R-3603) L/S® 13
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(Cole-Parmer, Montreal, QC, Canada). The effluents from each test were collected with a
RediFrac-100 fraction collector (Amersham Biosciences, Uppsala, Sweden) at time intervals
adjusted to obtain 3 mL fractions.

Glass

Column
D:2.5cm
L: 15cm

Packed
Oil Sand

S
dJlLLb”
.
Fraction

Collector

Pressure
Gauge

Formulation Water Peristaltic
Pump

Figure 5. Experimental setup for column flooding experiments.

3.5. Permeability Measurement

The initial Darcy permeability of the column (kp,) was measured by flushing DiDW
in upward flow, varying the flow rate in the 0.5 to 5.0 mL/min range, corresponding
to a maximum Reynolds number (based on pore throat diameter) below 0.1 in all cases.
The desired water flow rate was set, and the column pressure drop was allowed to reach
steady state (12-15 min, characterized by pressure fluctuations of less than 1 inch of water
over a 5-min interval) before recording. No bitumen was recovered during any of the
initial permeability measurements. This confirmed that the SDS packing solution did not
contribute to the oil recovery. The permeability (kp,) was calculated by linear fitting of
Darcy’s law to the pressure drop vs. the volumetric flow data.

3.6. Column Flooding Experiments

The column flooding tests were conducted in three stages at a given Darcy (or super-
ficial) velocity (vp = flow rate/cross-sectional area of the column). First, water (~1 PV)
was flushed upwards. Next, the desired SOW formulation volume was injected, followed
by ~0.5 PV of chase water, consistent with similar injection schemes used by others [9,10].
The SOW formulation was injected at a given salinity and water-to-solvent (W /SI) ratio.
The tests were designed to deliver a total amount of solvent to reach a theoretical dilution
ratio of SI/B = 2.0. This ratio was chosen to ensure a significant viscosity reduction of
the bitumen to facilitate its detachment and displacement through the column, and it is
comparable to other studies [9,10,33]. As per Figure 4, S1/B = 2 produces a viscosity of
~5 mPa-s, leading to a viscosity ratio upp /e ~ 5, which is the maximum viscosity ratio
where a viscous oil can be emulsified by a shear flow [35]. Two additional control experi-
ments were conducted, one with an aqueous surfactant formulation without emulsified
cyclohexane and another, the injection of pure cyclohexane without the surfactant solution.

3.7. Oil Recovery Determination

To determine the bitumen content in each of the collected effluent vials, a spectropho-
tometry technique was adopted due to its acceptable accuracy and scalability to process
numerous samples [9,35] compared to chromatography techniques that, while more ac-
curate and detailed, are more resource-intensive [36]. An absorbance (optical density)
calibration curve (400 nm wavelength) was developed at different toluene/bitumen dilu-
tion ratios using a Pharmacia LKB-Ultrospec Plus spectrophotometer model 80-2092-26
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(Pharmacia, Cambridge, UK). Toluene was chosen as the solvent because it completely
dissolves asphaltenes. First, the collected effluent vials were centrifuged at 3000 rpm for
5 min to break any stable emulsions (rag layers). Next, the volumes of the collected oil and
aqueous phases in each effluent vial were estimated by measuring the height of each phase.
Then, toluene (5 mL) was added to each effluent vial and tumbled. Next, the vials were
centrifuged at 3000 rpm for 5 min. An aliquot of 100 uL was subsampled from the super-
natant and mixed with an additional 5 mL of toluene. This 2-step dilution was required
to ensure that the samples were within the detection range of the spectrophotometer. The
absorbance was measured from this diluted subsample, and the original bitumen content
was determined via mass balance. Similarly, to measure the residual bitumen content in
the column, the sand was mixed with 300 mL of toluene. A 100 uL sample of the toluene-
residual bitumen solution was mixed with an additional 5 mL of toluene as described
above. The residual bitumen collected during the final permeability measurement was
mixed with 150 mL of toluene, subsampled and diluted again as previously described. The
final oil recovery was calculated via mass balance. At every step, samples were wrapped in
®

(

Parafilm® (Amcor, Neenah, WI, USA) to minimize evaporation losses.

4. Results and Discussions
4.1. HLD-NAC Phase Behavior and Interfacial Tension (IFT) Prediction

Figure 6A presents pictures of test tubes produced with the AOT/SOle (Cg;ota; = 0.83%)-
cyclohexane-diluted bitumen (S1/B = 2)-water for a systems at the inversion point (S* = 1%
NaCl), below the inversion point (0.5% NaCl), and above the inversion point (1.5% and
2.0% NaCl), along with the equilibrium IFT measured for those systems (points), and the
equilibrium IFT values predicted by the HLD-NAC model of Figure 1, calculated using the
inputs of Table 1.

The bottom (aqueous) phase obtained at 0.5% NaCl has a brown-yellow tinge, con-
sistent with the expected micellar solubilization of oil components in the aqueous phase,
while the bottom phases for 1.5 and 2% NaCl are clear, compatible with the HLD-NAC
prediction that at those salinities the surfactant is primarily located in the oil phase, forming
reverse micelles. At 1% NaCl, the predicted HLD is —0.01, suggesting that this salinity
is, for practical purposes, the inversion point. Although no middle phase microemulsion
is observed at this point, this was expected because the total surfactant concentration
(Cstotal = 0.83%) was just enough to produce ultralow IFTs as per Stammitti [23]. This is the
critical microemulsion concentration (CuC), distinct from CMC, which is the minimum
surfactant concentration required to attain ultralow IFT, as shown in the Supplementary
File. It is also worth mentioning the presence of a black precipitate that is visible at the
bottom of the tube with 1.5% NaCl. This precipitate has also been observed in other studies
in systems near the phase inversion point of diluted bitumen microemulsions, and has
been associated with partial asphaltene rejection from microemulsion environments [14].

The HLD-NAC predicted IFT (solid line in Figure 6A) overpredicts the IFT of systems
with 0.2-0.5% NaCl but underpredicts the IFTs at all other salinities; however, the lowest
measured ultralow IFT at 1% NaCl is consistent with the lowest IFT predicted by the
HLD-NAC model. Overall, there is a consistent trend between the HLD-NAC predicted
IFT changes and the measured ones, which is significant considering that there were no
fitted or adjusted parameters.
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Figure 6. (A) Phase behavior and equilibrium interfacial tension (IFT) at 25 °C as a function of sodium
chloride concentration (S, % NaCl) for the AOT/SOle (Cgyota1 = 0.83%)-cyclohexane-diluted bitumen
(S1/B = 2)-water system (circles) and the IFT predicted via the HLD-NAC model (solid line) using
the HLD-NAC algorithm of Figure 1 and the input data of Table 1. The error bars correspond to the
standard deviations of a given measurement. (B) Dynamic IFT curves for selected salinities near the

phase inversion point.

Although the standard deviation of the measurements (internal replicates) in Figure 6A
(the error bars) was relatively small, measurements of repeated test tubes (external repli-
cates) varied substantially, particularly in the 1-1.2% NaCl range. To investigate this further,
Figure 6B presents the dynamic IFT measurements of systems containing 0.7, 1, and 1.1%
NaCl. While the system at 0.7% NaCl produced a nearly constant IFT ~ 0.07 mJ/m?, the
IFTs at 1 and 1.1% NaCl displayed a minimum value (closer to the value predicted by the
HLD-NAC) followed by a sudden increase in IFT. It has been proposed that, around HLD~0
for diluted bitumen, the HLD-NAC predicted IFT is lower than the measured IFT because
of surfactant losses to the o0il due to the binding of anionic surfactants to alkaline groups
(e.g., pyridines) in the asphaltenes and resins in bitumen [15]. Nevertheless, given that
the dynamic trends support the accuracy of the HLD-NAC predictions, these HLD-NAC
predicted values will be taken as the IFT (vo-w) used to calculate the capillary numbers for
the implementation of the CSTR model.
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4.2. CSTR Model Fit of Bitumen Recovery and the Prediction of Viscosity and Pressure Drop

Figure 7A,D,G, and ] present the CSTR-fitted (red lines) oil recovery curves for columns
1 through 4, respectively. The emulsion formulations, input parameters for the CSTR model,
and the values of the unavailable bitumen saturation (Sny) and the critical particle-based
Capillary number (Cap 1it), resulting from the CSTR model fit for each column, are listed in
Table 2. The + values for Sny and Cay, «;it represent the 95% confidence interval, obtained
from the excursion (perturbation) method [37]. Overall, the CSTR model can reproduce
the experimental oil recoveries reasonably well. The largest deviation was observed with
column #3 (C#3), and the reason is that this column, for logistical reasons, had to be stopped
overnight to then resume the emulsion injection the next day. The overnight flow stop
did not prevent other processes from occurring, particularly diffusion of the solvent into
bitumen and buoyancy-driven movement of diluted bitumen towards the top of the column.
The next day, the diluted bitumen that had moved towards the top of the column produced
a large increase in the production rate of bitumen. The CSTR fit for C#3 was conducted
as if it were a single continuous extraction, but clearly it should have been treated as
two separate events. The other case in which the CSTR model did not reproduce the full
experimental curve was solvent-only injection in C#4. In that case, the last stage of water
flush produced a small but noticeable increase in bitumen recovery. None of the CSTR fits
included the last step of water flush.

Table 2. Input and fitted parameters of the CSTR model.

Parameter C#1 C#2 C#3 Ci#4
Emulsion formulation
S, % NaCl 0.75 1.1 0.83 Solvent only
W/SI (v/v ratio) 3 3 10 0
Input parameters for the CSTR algorithm
Sny 0.455 0.50 0.467 0.477
vp, m/d 2.05 2.05 2.05 2.05
€o 0.411 0.377 0.402 0.394
Yo-w, MJ/m? 0.011 0.005 0.008 29
kp,, Darcy 1.46 + 0.04 0.96 + 0.04 1.22 +£0.01 09+02
fa 1000 1000 1000 1000
Le, m 0.15 0.15 0.15 0.15
Tp/Td 22.0 22.7 65.6 30.7
Fitted parameters of the CSTR algorithm
Sny 0.07 £ 0.04 0.21 + 0.02 0+ 0.06 0.3 +0.02
Cap crit 0.012 £0.002 0.02+0.002 0.01240.003 (7+2) x 107°
Oil (bitumen + solvent) saturation before final water flush
Sn; = Sny + 0.76 0.69 0.68 0.88
Snpp@end
SN assessed 0.67 0.59 0.38 0.97

Figure 7B,E,H K present the measured oil viscosities (data points), and the CSTR-
predicted produced oil viscosities (red lines). For columns C#1, C#2, and C#4, the CSTR-
predicted viscosities are consistent with measured values. For C#3, the overnight stop
created swings in viscosity that could not be reflected by the CSTR prediction.
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Figure 7. (A,D,G,J) Oil recovery curves (% bitumen recovery vs. injected solvent pore volume),
(B,E,HK) Produced oil viscosity curves (viscosity of the oil effluent vs. solvent pore volume),
(CE L) Pressure drop curves (pressure drop across the packed column vs. solvent pore volume. The
first row of data corresponds to column #1 (C#1) obtained after injecting an emulsion with a salinity
(S) of 0.75% NaCl and a water/solvent volume ratio (W/Sl) of 3. The second row, C#2, was obtained
with S = 1.1% and W/SI = 3. The third row, C#3, was obtained with S = 0.83% and W /Sl = 10. The
fourth row, C#4, was obtained by injecting only solvent. Columns 1 through 3 contain Cga = 0.83%
of the AOT/SOle mixture. The pictures at the end of each row show the column after the final water
flush. The red lines represent the fits (A,D,G,J) and predictions (all others) from the CSTR algorithm.
The yellow dotted lines represent the location of the column’s cross-sections.

Figure 7C,ELL present the measured pressure drop (data points) and the CSTR-
predicted pressure drops (red lines). For C#1, C#2 and C#3, the CSTR predicts a peak in
pressure drop at the moment the production stage starts, which is due to an increase in
diluted bitumen saturation (Snpp) to the maximum level possible (Snmax), which produces
a maximum level of restriction of the flow of water through the porous media. The Snmay at
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that early production stage is the largest Snax throughout the emulsion injection because at
that point the viscosity of the diluted bitumen is the largest, producing the lowest Cap, cit, as
per Equation [B14]. For C#1, it is not clear why the measured pressure drop, after reaching
peak pressure drop, reduces to nearly half the predicted pressure drop, particularly when
considering the underprediction after peak pressure drop for C#2. For the case of C#3, the
continuous CSTR fit does not match the experimental trends; however, one could note that
the measured pressure drop has one peak at ~0.07 SIPV and ~0.65 SIPV, corresponding to
the two-step increase in oil production resulting from the overnight stop. For C#4, the CSTR
model was not used to predict pressure drop because it was not a 2-phase flow throughout
the entire solvent flushing step.

The pictures of columns C#1 through C#4 on the right side of their corresponding
rows in Figure 7 illustrate the state of the columns after the final water flush. Overall, the
cross-section images match the oil-removal levels for each column. However, the pictures
also illustrate, particularly for columns C#1 and C#2, the prevalence of preferential flow
paths, as expected due to the low viscosity of the injected emulsion and the high viscosity
of the diluted bitumen, particularly in the early production stages. This preferential flow
path behavior suggests that the pore-scale view in Figure 2 of “available” and “unavailable”
bitumen might not be accurate at the pore scale, but rather it is realized by areas of the
column that are “unavailable” for dilution with the solvent because the solvent is carried
through the preferential flow paths. The lack of bitumen streaks in C#3 (i.e., no evidence of
prevalent preferential flow paths) suggests that the combination of slow solvent addition
(use of W/SI = 10) and one or more stop-flow events helps minimize the risk of preferential
flow and increase the overall bitumen extraction. Although the pore-scale view in Figure 2
is not entirely accurate, the concept of “available” and “unavailable” bitumen fractions is
appropriate for capturing these preferential flow effects at a macroscopic scale using the
CSTR model.

The inset pictures in Figure 7C,F show the vials of produced emulsion collected
towards the end of the production stage. The objective of these pictures is to illustrate the
level of oil-water separation that can be obtained with each formulation (the vials were
not centrifuged, and pictures were taken within 15 min after collection). For the vial in
Figure 7C, prepared at a negative HLD (HLD = —0.35 at S = 0.75% NaCl), the aqueous
(bottom) phase shows signs of a partially stable oil-in-water emulsion, which is consistent
with this HLD. For the vial of Figure 7F, prepared with near-zero HLD (HLD = +0.03
at S=1.1% NaCl), the aqueous phase is clear, and even the rag layer (brownish layer
separating the water from the top oil phase) is smaller compared to the rag layer in
Figure 7C. This observation is consistent with the fact that at HLD ~ 0, one expects fast
demulsification, a desirable feature for downstream separation of the produced oil.

Table 2 summarizes the oil (bitumen + solvent) saturation levels at the end of the
emulsion injection period (Sn¢), obtained from the CSTR model (Sny + Snpg) and the
value assessed from the experimentally determined bitumen recovery (%rec) and from
the solvent/bitumen (S1/B) ratio estimated from the viscosity of the produced diluted
bitumen, Snf sgsessed = Sno-(1 — %rec)(1 + SI/B). With the exception of C#3, the CSTR-
predicted residual saturations are within + 0.1 volume fraction of the values assessed from
experimental measurements. For C#3, the relatively low Sng ggesseq is likely linked to the
inaccuracy of the continuous CSTR approach to reflect the two-step behavior produced
by the overnight stop. Nevertheless, the most important point is that, except for C#3,
Sng¢ > Sny. In other words, it would appear that, for C#1 and C#2, the ultralow IFT did
not produce the expected decrease in oil saturation, as it has been observed for the case of
conventional surfactant-enhanced oil recovery (S-EOR). However, one must remember that
the solvent (cyclohexane) was co-injected with the surfactant solution; thus, any removal
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of oil (solvent + bitumen mixture) was accompanied by the deposition of the solvent on
the porous media. To realize lower Sn¢, the emulsion injection should have been followed
by a surfactant-only injection to recover the deposited solvent. Unfortunately, we did not
consider this post-emulsion surfactant flooding step, resorting to water-only post-emulsion
injection, following previous protocols.

This study represents the first time that a particle-based capillary number (Cay, crit),
developed to understand oil removal from falling oil-coated spheres [25,35], is extrapolated
to understand oil removal from porous media. In oil-coated spheres, the maximum oil
removal was obtained when Cap ~ 0.1 to 1, because in that range one obtained the largest
effect of shear to deform the oil-water interface and the minimum interfacial tension
resistance to deformation. There is no guarantee that the same Ca,, range applies to porous
media, but if so, it suggests that the Cay, ot are still too low to guarantee complete oil
removal. Stammitti conducted column studies for the conditions of C#2 at vp =9.1 m/d
and W/SI = 10, reaching Cay, crit ~ 0.1 where the largest oil recovery was obtained (~60% oil
recovery) when injecting only 0.5 PV of solvent [23]. This large early oil recovery, however,
was accompanied by a large increase in pressure drop. This observation suggests that
Cayp crit ~ 0.1-1 might reach optimal oil recovery, even in porous media.

4.3. CSTR Model Prediction of Bitumen Recovery and Pressure Drop

The previous section showed that for various surfactant formulations, Cap it ranges
from 0.01 to 0.02, which is a relatively narrow range that allows making an educated
guess to predict the removal of oil for other extraction conditions. On the other hand, the
unavailable saturation (Sny) showed ample variability that needs to be correlated with
other process variables to make reasonable predictions for other extraction conditions.

One potential interpretation of Sny is that high values might result from insufficient
time for the solvent to penetrate and dissolve the bitumen film. To assess this possibility,
a ratio of pore residence time scale (tp) to diffusion time scale (t4) was calculated. The
pore residence time scale was estimated as 1, ~ (1 + W/SI)(sand grain size)/(vp/(€o-Sny))-
The term (1 + W/SI) reflects the fact that depositing a given volume of solvent in the
pore takes more time when the water-to-solvent ratio is higher, given that the injected
emulsion flowrate is fixed (to give the set Darcy velocity, vp). The term vp/(eo-Sngp)
transforms the Darcy velocity into the pore velocity of the fed emulsion traveling through
the bitumen-coated pore. For the grain size, an average grain size of 250 um was assumed
in the calculations.

To calculate the diffusion time scale, the first step is to assess the initial (undiluted)
bitumen film thickness as dg,g = (1 — (1 — Sng)"0.5)-[8kpo / (€0-(1 — Sng))]"0.5. This equation
was obtained considering a porous medium as a bundle of pipes [38], that the ratio between
the porosities of the bitumen-coated porous media and the bitumen-free porous media is
(1 — Sny), and that this ratio represents the ratio of the cross-sectional areas of the bitumen-
coated and the bitumen-free porous media. The diffusion time scale is then estimated as
T4 ~ (dno)?/Dg), where Dy is the diffusivity of the solvent in undiluted bitumen, taken as
Dg ~ 10~ m? /s, a value that reflects the order of magnitude of the toluene (similar in
size to cyclohexane) diffusivity in bitumen [39]. Table 2 presents a summary of these T, /14
ratios, and Figure 8A plots Sny vs. /14 for the column studies in Table 2. Overall, the
trendline in Figure 8A shows the expected trend of reducing Sny with increasing 1, /14,
but the correlation is too poor (R% ~ 0.35) to use it as a predictive tool.
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Figure 8. Correlation between unavailable bitumen saturation (Sny) for column C#1 through C#4
with pore contact time/diffusion time (t,/74) (A) and with the column permeability (kp,) (B). The
error bars represent the 95% confidence interval for the fitted Sn, values. The dotted lines represent
the regression lines.

Another interpretation for high Sny is that there are regions in the column where the
emulsified solvent has poor access to bitumen. Figure 8B shows a significant (R? ~ 0.65)
trend of reducing Sny with increasing permeability (kp,), supporting the poor access
hypothesis. This interpretation is consistent with the streaks of bitumen-containing sand
seen in the pictures of columns C#1 and C#2 in Figure 7. The correlation in Figure 8B is
high enough to use it as a predictive tool.

To assess the ability of the CSTR model to predict the outcome of other TESI con-
ditions, the performance of column studies conducted with increased Darcy velocity
(vp =44 m/day), S = 1.1% NaCl (0.83% AOT/SOle solution), and at W/SI ratios of 3
(Column #5), 5 (Column #6), and 10 (Column #7) was predicted using the input listed in
Table 3. The value of Cap ¢t = 0.02, used in all columns in Table 3, was extrapolated from
the condition in Column #2, which also used S = 1.1% NaCl. The value of Sny for each
column in Table 3 was estimated based on the permeability measured for each column
(kpo), and the regression line of Figure 8B.

Table 3. Input and predicted parameters of the CSTR model.

Parameter Ci#5 Ci#6 C#7
S, % NaCl 1.1 1.1 1.1
W/SI (v/v ratio) 3 5 10
Input parameters for the CSTR algorithm
Sny 0.446 0.461 0.471
vp, m/d 44 44 44
o 0.4 0.397 0.382
Yoow, MJ/m? 0.005 0.005 0.005
kpo, Darcy 1.02 £ 0.04 0.92 + 0.04 1.11 £+ 0.03
fa 1000 1000 1000
Lc, m 0.15 0.15 0.15
Tp/Tq 14.6 222 29.7
Predicted parameters for the CSTR algorithm
Sny 0.19 0.24 0.16
Cap/crit 0.02 0.02 0.02
Oil (bitumen + solvent) saturation before final water flush
Sn; = Sny + Snpp@end 0.48 0.51 0.45
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Figure 9 presents the experimental (data points) and CSTR-predicted (red line) oil
recovery (Figure 9A,C, and E) and pressure drops (Figure 9B,D, and F) for columns C#5,
C#6 and C#7 (first, second and third row of graphs, respectively). Overall, the CSTR
prediction was reasonable as a potential screening tool, predicting the final recovery within
£ 10%, and the initial breakthrough of oil recovery within £0.1 solvent PV. For higher
W /Sl ratios, the final recovery tends to be underpredicted, likely because the weak trend
between Sny and T, /1q (Figure 8A), which is highly influenced by W/SI was ignored.
The pressure drop predictions for Columns C#5 and C#6 show the initial pressure drop
peak observed in the experiments, but the pressure drop after 0.5 solvent pore volumes
is consistently underpredicted by a factor of 2 to 4 in all the columns. One possible
explanation for this mismatch is that the CSTR model assumes that the geometry of the
pores is constant throughout the experiment, but as the bitumen is removed, the packed
sand could reconfigure (at least in some sections of the column) to produce a tighter packing
that would explain the higher pressure drop. It is relevant to clarify that although the CSTR
model predicted the viscosity of the produced diluted bitumen for C#5, C#6, and C#7, these
predictions were not included in Figure 9 because the corresponding experimental values
were not measured.
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Figure 9. (A,CE) Oil recovery curves (% bitumen recovery vs. injected solvent pore volume).
(B,D,F) Pressure drop curves (pressure drop across the packed column vs. solvent pore volume). The
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first row of data corresponds to column #5 (C#5) obtained at a water/solvent volume ratio (W /SI)
of 3. The second row, C#6, was obtained with W/Sl = 5. The third row, C#7, was obtained with
W/S1 =10. All the column studies were conducted using Cgyota) = 0.83% of the AOT/SOle mixture,
and S = 1.1%. The red lines represent the predictions obtained with the CSTR algorithm, and the
input data of Table 3.

5. Conclusions

This work explored the use of targeted-emulsified solvent injection (TESI) technology
for the removal of bitumen from packed columns of simulated oil sands, comparing
modeling approaches to experimental data obtained by Stammitti [23]. The interfacial
tension of a surfactant mixture of sodium oleate (SOle) and dioctyl sulfosuccinate (Aerosol
OT or AOT) with bitumen diluted with cyclohexane was predicted using the HLD-NAC
model, considering the polar oil behavior of naphthenic acids that are naturally occurring in
bitumen. The model led to reasonable predictions of IFT, but also confirmed partition issues
that have previously been reported to prevent stable ultralow IFTs in bitumen systems. The
oil recovery experiments were modeled using a CSTR model that considered pore-scale
deposition of solvent and release of diluted bitumen, including a provision for a fraction
of unavailable bitumen that does not mix with the solvent. Overall, the CSTR model was
able to fit the bitumen recovery curves and even predict the viscosity of the produced
diluted bitumen and the trends in pressure drop curves. The largest deviation from the
CSTR model was obtained with an experiment that was stopped overnight, where it is
hypothesized that buoyancy effects played a role in increasing the oil production once the
injection of the emulsified solvent resumed. This particular study produced the largest oil
recovery in all the studies reported by Stammitti.

Through the evaluation of cross-sections of the column after completion, it was de-
termined that the unavailable fraction in the CSTR model represented the portion of the
bitumen that the injected emulsion did not sweep due to preferential flow paths (viscous
fingering). The particle-based capillary number (Cap i), extrapolated from the definition
of oil-coated spheres, seems to point to values of 0.1-1 to maximize the oil extraction with
minimum solvent addition, a condition that is consistent with the optimal values for oil
removal in the original definition.

The conditions considered in this work are far from optimal, but they all give clues to
optimize the bitumen and solvent recovery using TESI. These conditions include: (i) using
larger W /Sl ratios, for example, 10/1; (ii) introducing various stop-flow intervals to take
advantage of buoyancy forces; (iii) introducing a surfactant-only flooding after emulsion
injection to recover most of the solvent left in the porous media; (iv) increase Cap erit to
0.1-1, partially by promoting ultralow IFT, partially by increase the superficial velocity of
the aqueous phase, but also by increasing the viscosity of the aqueous phase, which should
reduce the viscosity ratio and the chances for viscous fingering.

Although the costs of the technology were not discussed, compared to steam injection,
the capital costs are substantially reduced because the water injected does not have to be of
high quality and could be recovered using simple gravity settlers. Most of the surfactant
is expected to remain in the aqueous phase; thus, only a make-up quantity is required
before water reinjection. The main cost driver of the process is the amount of solvent left in
the reservoir; thus, the need to maximize the recovery of the solvent by implementing a
combination of the strategies mentioned in the previous paragraph. From a sustainability
point of view, compared to steam injection, TESI does not have large energy requirements
since the heat for solvent recovery would be similar to the current solvent recovery in
bitumen upgrading, and no steam production is required. Furthermore, there is a possibility

https://doi.org/10.3390/ colloids10040053


https://doi.org/10.3390/colloids10040053

Colloids Interfaces 2026, 10, 53 23 of 25

of introducing solvents that can induce partial precipitation of asphaltenes in the reservoir,
reducing the upgrading needs (preliminary data, suggest the viability of this approach).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/colloids10040053 /s1, This section includes the development of
the mass balance equation for the CSTR model illustrated in Figure S1. Figure S1. CSTR volume (Vpg),
solvent flow (Vo) and bitumen concentration (Cg). The supplementary material also includes
references associated with the concept of critical microemulsion concentration (CuC) [40-42], and the
interfacial tension data used to identified it in this work is included in Figure S2. Figure S2. Interfacial
tension vs. total surfactant concentration for the AOT/SOle-CHX/B (S/B = 2.0)-water system at
S =1.1%.
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