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Abstract
Waterflooding via injection of chemistry-optimized low-salinity – also, low ionic strength/concentration –
waters, such as SmartWater, is becoming increasingly attractive for improved oil recovery, especially in
carbonate reservoirs. In this manuscript, we describe the results from a series of experiments and theoretical
modeling to determine the mechanisms that govern the ‘SmartWater Effect', whereby reducing the ionic
strength (concentration) of the injection fluids (compared to high ionic strength formation water), also
known as SmartWater flooding, has been found to improve oil recovery.

We measured various interrelated crude-oil(CO)/brine(W)/calcite(R) interfaces, focusing on their
physical and chemical – both static and dynamic – changes, such as contact angles, macro- to nano-
scale surface topography (e.g., roughening, restructuring), and surface chemical composition (e.g., due to
dissolution, precipitation). The experimental aqueous brine solutions varied in ionic strengths ranging from
350,000 ppm (high ionic strength, ~7 mol/L) to pure water (ultra-low ionic strength). Our results indicate
that the SmartWater Effect on decreasing the CO/W/R adhesion energy – which results in increased water-
wettability and, in turn, increased oil recovery – in carbonates is due to three different but interrelated
mechanisms. We propose a semi-quantitative model to explain these effects, and demonstrate numerical
solutions using realistic values for the relevant system parameters. From our experimental results and
theoretical modeling, we conclude that the SmartWater Effect is due to the combination of: (1) changes
to the well-known colloidal interaction forces (electric double-layer, van der Waals, and hydration), which
has been the conventional explanation for the SmartWater Effect in carbonates; (2) increased roughness
due to (electro)chemical reactions involving dissolution, pitting, and adsorption-(re)precipitation, resulting
in physico-chemical changes (roughening, restructuring) of the calcite surfaces, especially at low ionic
strengths. Both of these effects act together synergistically to reduce the adhesion energy between the oil
and rock (calcite) surfaces across the aqueous brine (‘water') film, which increases the water-wettability;
and (3) detachment of organic-ionic layers that adsorb onto the rock surfaces during aging as thin and
suspended flakes. The detachment of these flakes into the solution removes organics from the rock surfaces,
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thereby directly increasing oil recovery. All three of these interrelated contributions – reduced colloidal
forces, increased surface roughness, and detachment of pre-adsorbed organic-ionic layers – appear to be
essential for the SmartWater Effect to be fully effective at all solution concentrations. We also discuss the
very different time-scales or ‘dynamics’ of these three processes, and their relationships to flooding rates
and core pore geometry and topography.

The results presented in this manuscript are of practical significance to provide a better understanding
of SmartWater flooding mechanisms in carbonates at multiple length scales, including subnano-, nano-,
micro-, and macroscopic scales. The new fundamental understandings presented in this study will also guide
the optimization of SmartWater flooding processes in other reservoir systems.

Introduction
Numerous field and experimental studies over the past few decades have shown that reducing the ionic
strength – by decreasing the ionic concentration – of the injection salt waters used for waterflooding
increases oil recovery.1-5 As a result, SmartWater flooding processes through the injection of chemistry-
optimized low-salinity waters are becoming attractive as "green" and potentially much cheaper alternatives
for improved oil recovery in carbonate reservoirs, compared to the injection of solutions comprised of
surfactants, polymers, or other chemical additives.6-8

This 'SmartWater Effect’ for increasing oil recovery is intimately related to the effect that the low ionic
strength injection SmartWater has on the adhesion energy between the crude oil (CO) and carbonate rock
surface (R) across the aqueous brine solution (W), WCO/W/R. The main hypothesis has been that lower
adhesion energy WCO/W/R results in higher oil recovery, with oil detaching more easily from the rock surfaces
and flowing more freely throughout the reservoir.

The adhesion energy of a system can be obtained by measurements of contact angles, where the two are
related via the Young-Dupré equation:

(1)

where γCO/W is the CO/W interfacial tension, and the subscript of ‘0’ denotes that it is the intrinsic contact
angle or adhesion energy, i.e., on molecularly smooth, non-structured, and flat surfaces. By convention, the
reported contact angles for a CO/W/R system are the angles measured on the water (brine) side, θW, which
are equivalent to 180° minus the angle measured on the oil side, θCO; i.e., θW = 180° – θCO (see insets in
Figure 1).

Figure 1—Effect of salt solution concentration on wettability.
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As is evident from Equation 1, a decrease in θ0,W, i.e., a more water-wet rock, indicates a decrease in
W0,CO/W/R. Conversely, a decrease in W0,CO/W/R results in a decrease in θ0,W. (See insets in Figure 1, with the
LHS inset showing a schematic of a highly water-wet system with low θW and low WCO/W/R, in comparison to
the RHS inset.) In other words, systems with lower adhesion energies also, equivalently, have lower water-
side contact angles, θW, and higher water-wettability (i.e., more ‘water-wet').

Previous studies9-13 have shown that low ionic strength SmartWater decreases WCO/W/R. One example
is the contact angle measurements shown in Figure 1, where θW was found to decrease with decreasing
brine solution concentrations, CTDS. These results show the effect of reducing ionic strength on decreasing
adhesion energy, increasing water-wettability, and, in turn, on increasing oil recovery. Other studies,
employing measurements of contact angles, wettability, and spontaneous imbibition, have also reported
similar results.9-12

CO/W/R contact angles, θW, in brine solutions of different concentrations, CTDS, ranging from formation
water (FW) to seawater (SW) down to pure deionized water. The insets are schematics showing the
comparison between θW (labeled in red) measured in systems of different water-wettability. The system of
the LHS inset is more water-wet – lower θW – than the system of the RHS inset – higher θW. (Results from
eight different experiments at different conditions. For details, see Ref. 13.) Note: 1 mol/L ≈ 50 g/L (see
Footnote 2).

The adhesion energy WCO/W/R is determined in part by the physical colloidal surface interaction forces,
W(D), between the CO/W and W/R interfaces interacting across brine (aqueous electrolyte solution) of
concentrations C at distances D. These interaction forces are comprised of the electric double-layer, the
van der Waals, and the hydration forces – collectively referred to as the ‘colloidal interaction forces'. The
equation for W(D), which accounts for the three aforementioned colloidal force contributions, is given by
the well-established "extended"-Derjaguin-Landau-Verwey-Overbeek (x-DLVO) theory shown in Equation
2 for the case of a symmetrical system interacting across a 1-1 electrolyte (e.g., NaCl):14

(2)

where κ −1 is the Debye length, given by:

(3)

and kB is Boltzmann's constant; T is the temperature; z is the brine electrolyte valency; e is the elementary
electronic charge; ψ0 is the surface potential; A and ΔD are the Hamaker constant and offset distance,
respectively, for the van der Waals attraction; δ is the ‘hard-wall’ hydration repulsion layer thickness; ε0 is
the permittivity of free space; and ε is the dielectric constant.

The adhesion energy, W0,CO/W/R, is the minimum (most negative, attractive) energy of the W-D interaction
and is related to the contact angle, θ0,W, via the Young-Dupré equation, as discussed earlier (Equation 1).

Numerous models and mechanisms have been proposed for explaining the SmartWater Effect. One
conventional explanation for the SmartWater Effect in decreasing the adhesion energy WCO/W/R is changes
to the colloidal interaction forces between the CO and R surfaces across the W film. In low ionic
strength SmartWater, the repulsive force contribution to the colloidal interaction forces is increased due
to the increased range (κ −1) of the electric double-layer (EDL) repulsion, thereby decreasing the overall
adhesion energy15; however, at very low concentrations, the magnitude of the EDL repulsion becomes
negligible. Other studies attribute the SmartWater Effect to adsorption of key anions, such as sulfate
(SO42-) and – potentially also – borate and phosphate, onto the mineral surfaces. This adsorption alters the
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surface potential/charge and increases the repulsion between the CO/W and W/R interfaces.11,16-18 Other
explanations that have also been proposed for the dynamic effects of the SmartWater Effect are mineral
dissolution18,19 and increase in the CO/W interfacial viscoelasticity, depending on the type of crude oil (type
of asphaltenes and organic acids present)20,21.

Several more elaborate and/or general models based on the x-DLVO theory of colloidal forces have
been proposed for calculating the effects of these surface forces on the wettability of CO/W/R systems.22-24

Notably, however, these models do not consider the effects on wettability due to changes in (nano- to micro-
scale) surface roughness and roughening which can have a large impact on the overall adhesion energy. The
x-DLVO theory and the Young-Dupré equation strictly only apply to molecularly smooth and flat surfaces,
which reservoir rock surfaces typically are not and, in fact, have been shown to dissolve and further roughen
when exposed to undersaturated, low ionic strength injection brines.13,19 Furthermore, in this manuscript,
we underscore the importance of the concentration C pre-factor in the EDL repulsion term (see 1st term of
Equation 2) that is often overlooked in explaining the SmartWater Effect.

In this work, we use a combination of various complementary experimental techniques in conjunction
with theoretical analyses to study the effect of decreasing the ionic strength of SmartWater on CO/W/
R adhesion energy, wettability, and, in turn, oil recovery. We find that conventional explanations for the
SmartWater Effect are incomplete in that the effect of SmartWater on decreasing the adhesion energy is not
due to a single mechanism, but to a combination of several different but interrelated physical and chemical
mechanisms. We here provide an explanation for the SmartWater Effect and a semi-quantitative model that
incorporates and emphasizes the importance of surface roughness and roughening for improved oil recovery
in carbonates.

Materials and Methods

Sample and Solution Preparation.

Materials..   The calcite rock samples were either epi-polished (1 nm RMS roughness) single-crystalline
(z-axis vertical) calcite (MTI Corporation) or synthesized calcite prepared in-house from solution13. The
crude oil sample was degassed crude oil (CO) obtained from a carbonate reservoir; its SARA composition,
total acid number, and other properties are presented in Table 1. The brine solutions were prepared
in-house using deionized (DI) water (18.2 MΩ·cm; Millipore Milli-Q) and reagent grade chemicals
(sodium chloride, calcium chloride, magnesium chloride, sodium sulfate, and sodium bicarbonate; Sigma-
Aldrich). The composition of the synthesized formation water (FW) and seawater (SW) were based on
geochemical analyses of field water samples obtained from the same carbonate reservoir (see Table 2).
The different SmartWater solutions (e.g., solution that has a concentration of ½ the concentration of
seawater, abbreviated as ‘[SW]/2 solution') were prepared by mixing seawater with the appropriate amount
of DI water. The saturation indices for the different calcium-containing minerals in the different brine
solutions were calculated using the PHREEQC aqueous modeling software with a pH 6 solution at 100 °C
referenced against the oxygen redox standard (see Table 3). All brine solutions were filtered using 0.2 μm
polypropylene-based syringe filters (Anotop 10 IC) prior to use in experiments.
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Table 1—Properties of the crude oil.

Saturates 39.2

Aromatics 48.3

Resins 7.0
Components (%)

Asphaltenes 5.5

Total Acid Number (mg KOH/g oil) 0.25

Stock tank oil gravity at 60°F (°API) 34.1

Dead oil density at STP (lb/ft3) 54.5

Dead oil viscosity at STP (cP) 14.6

Table 2—Geochemical analyses of reservoir formation water (FW) and injected seawater (SW), and composition of [SW]/20 solution.

Ions Formation Water (FW) [ppm] Seawater (SW) [ppm] [SW]/20 Solution [ppm]

Sodium 59,500 18,300 920

Calcium 19,000 650 30

Magnesium 2,400 2,100 110

Sulfate 350 4,300 220

Chloride 132,000 32,200 1,600

Bicarbonate 350 120 6

Total Dissolved Solids (TDS) 214,000 58,000 2,900

Table 3—Saturation indices for the different calcium-containing minerals in the different brine solutions.*

Solution** Calcite Aragonite Dolomite Anhydrite Gypsum

Formation water 1.1 1.0 1.8 0.3 −0.3

Seawater (SW) −0.5 −0.6 −0.4 −0.1 −0.5

[SW]/2 solution −1.0 −1.1 −1.3 −0.4 −0.9

[SW]/10 solution −2.1 −2.2 −3.5 −1.2 −1.6

[SW]/20 solution −2.5 −2.6 −4.4 −1.6 −2.0

[SW]/100 solution −3.7 −3.8 −6.7 −2.5 −2.9

*Calculated using the PHREEQC aqueous modeling software with a pH 6 solution at 100 °C referenced against the oxygen redox standard.

**Mineral species that are undersaturated have negative saturation indices and are highlighted in dark grey. Mineral species that are oversaturated have positive
saturation indices and are highlighted in light grey.

Calcite Surface Conditioning Procedure..   The experiments followed a two-step calcite surface
conditioning procedure (see Figure 2). In Step 1, referred to as the aging step, a clean calcite sample was
equilibrated with FW that had been pre-saturated with CO surfactants (FW-CO) in a sealed container at
100 °C for 24 h to restore the original reservoir wettability of the calcite surface. FW-CO was prepared
by equilibrating FW with CO (3 FW:1 CO by volume) in a sealed glass vial at 100 °C for 24 h and then
extracting the FW from the two-liquid solution. After undergoing the aging step, the resultant sample was
thereafter referred to as being ‘fully-aged'. In Step 2, referred to as the 'SmartWater Effect’ step, fully-
aged calcite was equilibrated with the different experimental reservoir brine solutions (e.g., FW, SW, and
different SmartWater solutions with reduced ionic strengths/concentrations) in a sealed container at 100
°C for 48 h to study the effects of reducing the ionic strength of the injection SmartWater on the CO/W/



6 SPE-190281-MS

R system. Depending on the experiment, different components of the samples were subsequently extracted
for experiments and analyses.

Figure 2—Schematic of the two-step calcite surface conditioning procedure for restoring reservoir wettability and
to mimic reservoir waterflooding conditions. After the samples have undergone different steps of the conditioning

procedure, different components of the samples were then extracted for further experiments and analyses.

Measurements of CO/W/R Wettability.
To study the effect of brine ionic strength (concentration) on the water- and oil-wettability of fully-aged
calcite surfaces, contact angles of droplets of CO (~5 μL) on fully-aged calcite (see Section 2.1.2 for the
aging procedure) were measured using a video-based optical goniometer (DataPhysics OCA 15Pro). The
fully-aged calcite samples were immersed in ~20 mL of FW, SW, different SmartWater solutions of reduced
ionic concentrations (ranging from [SW]/2 to [SW]/100), and pure DI water. All experimental samples were
conditioned in the appropriate brine solution at 100 °C and then subsequently immersed in the same brine
solution at room temperature (~23 °C) and atmospheric pressure for the contact angle measurements. A
previous publication13 reported that measurement temperatures in the range of 23 to 75 °C has negligible
effect on the contact angle for this CO/W/R system. The CO droplet contacting the calcite surface was
modeled as a truncated sphere, and the contact angle was measured as the angle between the tangent (at the
CO/W/R contact-line) to the truncated sphere and the horizontal base of the sphere (see insets in Figure 1).

Characterization of Surface Topography and Chemistry.
To study the topographical and chemical changes to the calcite surfaces from exchanging the brine
solution, the calcite samples were imaged and analyzed using both scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS; FEI XL30 Sirion FEG SEM with EBSD and EDX) and
atomic force microscopy (AFM; Veeco Dimension 3100 Nanoman with Bruker MSNL probes). Prior to
imaging, the samples were cooled and gently removed from the conditioning solution (e.g., FW-CO, SW,
or SmartWater), gently flushed with DI water (to remove salts precipitated from the conditioning solution
during calcite sample extraction), and gently dried with nitrogen (N2) gas. For the SEM-EDS measurements,
the samples were coated with a thin gold (Au)-palladium (Pd) mixture film (75 to 25 Au:Pd) to improve
surface conductivity and image resolution. The SEM-EDS measurements were recorded using an electron
beam voltage of 3-5 kV under a vacuum at room temperature. The AFM measurements were performed
using tapping mode in air at room temperature and atmospheric pressure.
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Results and Discussion
Using a combination of theoretical modeling and experimental analyses of the SmartWater Effect for
improving oil recovery from carbonate reservoirs, we found that the effect of ionic strength (concentration)
on the CO/W/R adhesion energy and, consequently, oil recovery is due to three different but interrelated
mechanisms:

1. Changes to the colloidal surface interaction forces (i.e., x-DLVO forces),
2. Roughening, dissolution, and restructuring of the underlying calcite surfaces, and
3. Removal of pre-adsorbed organic-ionic layers (ad-layers) as flakes that carry away oil.

Each of the above three mechanisms are discussed in detail in the following Sections 3.1 – 3.3.

Changes to the Colloidal Surface Interaction Forces.
Figure 3 shows ‘wettability plots’ of the effect of brine concentration, C, on the contact angle, θ0,W,
and adhesion energy, W0,CO/W/R, due to changes to the colloidal surface interaction forces calculated using
Equations 1 – 3. For this analysis, the calculations were performed for three sets of symmetrical surfaces
with different surface potentials, ψ0: −30 mV (green curve), −60 mV (blue curve), and −90 mV (purple
curve). Additionally, we assumed a temperature, T, of 75 °C; a Hamaker constant, A, and an offset distance,
ΔD, for the van der Waals attraction of A = 10−19J and ΔD = 0.1 nm, respectively; a ‘hard-wall’ hydration
repulsion at a hydration layer thickness, δ, of 0.25 nm (the size of a water molecule); and a CO/W interfacial
tension of γCO/W = 20 mN/m.13

Figure 3—Calculated ‘wettability plots’ for smooth surfaces.

Plots of contact angles, θ0,W, and adhesion energies, W0,CO/W/R, of the CO/W/R system as a function of
brine concentration, C, for symmetric opposing surfaces of three different surface potentials (ψ0 = −30 mV
(green curve), −60 mV (blue curve), and −90 mV (purple curve)) calculated using Equations 1 – 3. Note:
1 mol/L ≈ 50,000 ppm (see Footnote 2).
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Referring to Figure 3, it is evident that surfaces with higher (larger in magnitude) ψ0 are more water-wet
– lower θ0,W – with lower W0,CO/W/R across brine of all concentrations ranging from ultra-low concentration
at 0 mol/L to highly concentrated at 8 mol/L. This is due to a larger EDL repulsion contribution (1st term of
Equation 2) to the overall adhesion energy for surfaces with higher surface potentials.

It should also be noted that for surfaces of a given ψ0, for all curves, there is a range of concentrations
in which the water-wettability increases with decreasing ionic strength and concentration. This trend is in
agreement with the SmartWater Effect of increased oil recovery from decreasing the brine concentration. In
this regime, decreasing the brine concentration increases the Debye length, κ −1, i.e., the range, of the EDL
repulsion, thereby increasing the overall EDL repulsion contribution and decreasing the overall adhesion
energy (see Equations 2 and 3).

However, there is a critical concentration below which further decreasing the brine concentration results
in an upturn (increase) in the adhesion energy, leading to decreased water-wettability and, by implication,
decreased oil recovery. This reversal in the trend of the effect of decreasing brine concentration on the
CO/W/R wettability can be attributed to the concentration C pre-factor in the EDL contribution term (see
Equation 2). At these (ultra) low concentrations, although the range of the EDL repulsion is large, its
magnitude for contributing to the repulsive interaction is negligible due to the low ionic concentration,
thereby leading to increased overall adhesion energy. This concentration turning point suggests that – for
these systems – there is an optimum ionic concentration for maximum water-wettability and oil recovery.

Roughening of the Underlying Calcite Surfaces.
As discussed in the Introduction and alluded to in the preceding Section 3.1, the x-DLVO theory and
the Young-Dupré equation strictly only apply to molecularly smooth and flat surfaces, which reservoir
rock surfaces typically are not. Furthermore, as shown by the calculated saturation indices in Table 3,
all five calcium-containing minerals (namely, calcite, aragonite, dolomite, anhydrite, and gypsum) are
undersaturated in SW and the different low ionic strength SmartWater solutions. The undersaturation implies
that calcite will dissolve to some extent when exposed to these solutions due to solution equilibrium
thermodynamics. This dissolution would lead to roughening of the calcite surfaces.

Notably, the calcium-containing species, such as calcite, become increasingly more undersaturated – i.e.,
saturation indices become increasingly more negative – the lower the ionic strength (i.e., larger reduction in
concentration) of the brine solution. This implies that the calcite surface will dissolve and, hence, roughen
to larger extents in more reduced in concentration solutions of SW – i.e., the lower the brine ionic strength
and concentration, the rougher the calcite surface.

Surface roughness decreases the effective contact area between the CO/W and W/R interfaces, assuming
that these two interfaces are separated by the brine (W) film (i.e., the ‘partially-filled’ or ‘Cassie-Baxter’
wetting state. See Ref. 25for more details), which, in turn, decreases the effective CO/W/R adhesion energy,
Weffective,CO/W/R.25,26 The effect of surface roughness on decreasing Weffective,CO/W/R can be modeled using a
modified Young-Dupré equation:

(4)

where φCO/R is a surface roughness parameter, defined as the ratio between the real CO/R contact area across
the aqueous brine film and the projected, flat contact area on the smooth surface. Typically, φCO/R can take
on a wide range of values varying from <0.1 to 1.0, with rougher surfaces having lower φCO/R values. Note
that θW (not to be confused with θ0,W in Equation 1) is the CO/W/R contact angle on the rough rock surface.

Figure 4A demonstrates the effect of surface roughness on the effective CO/W/R adhesion energy (for
surfaces with ψ0 = −60 mV, as a typical example). In this figure, the surface roughness parameter varies
from that of a smooth and flat surface with φCO/R = 1 (blue curve) to that of an extremely rough surface
with φCO/R = 0.01 (purple curve). As is evident from Figure 4A, the rougher the surface – i.e., the lower the
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φCO/R – the lower the Weffective,CO/W/R and θW, the higher the water-wettability, and, by implication, the higher
the oil recovery for all brine concentrations. Notably, for extremely rough surfaces (e.g., φCO/R ~ 0.01), the
finite adhesion energy observed for smooth surfaces can be completely diminished solely due to the effect
of roughness: There is essentially zero adhesion energy between the crude oil and roughened rock surface
across the aqueous brine and, equivalently, the roughened rock surface is completely water-wet at all brine
concentrations.

Figure 4—Calculated ‘wettability plots’ incorporating the effects of surface roughness, φCO/R, for
'symmetrical’ surfaces with constant surface potentials ψ0 = −60 mV (cf. blue curve in Figure 3).
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Furthermore, to demonstrate the combined effect of reducing ionic strength on both the colloidal forces
and surface roughening and, in turn, on water-wettability, θW, and Weffective,CO/W/R (black curve in Figure 4B),
the roughness parameter was assumed to decrease linearly from φCO/R = 1.0 at C = 8 mol/L to φCO/R = 0 at C = 0
(see grey line in Figure 4B). As shown in Figure 4B, for surfaces such as calcite that dissolve and roughen by
larger extents in increasingly more undersaturated solutions, the SmartWater Effect of decreasing adhesion
energy from decreasing the brine concentration can be observed to proceed down to the ultra-low ionic
strength, pure water limit: There is no longer an optimum reduced ionic strength concentration for most
decreased adhesion energy (as was observed for the case of molecularly smooth and flat surfaces in Figure
3).

(A) Plots for different values of surface roughness parameters φCO/R; (B) Plots incorporating the additional
effect of reducing ionic strength on surface dissolution and roughening, where φCO/R (grey curve) decreases
linearly from 1.0 at C = 8 mol/L to 0.0 at C = 0. Calculations based on Equations 1 – 4.

Note: 1 mol/L ≈ 50,000 ppm (see Footnote 2).

Removal of Pre-Adsorbed Organic-Ionic Ad-Layers from the Calcite Surfaces.
The third mechanism of the effect of low ionic strength SmartWater on decreasing WCO/W/R involves the
removal of pre-adsorbed ad-layers from the calcite surfaces.

As shown in Figure 5, after smooth, single-crystalline calcite was aged in the FW-CO solution, the SEM
(top, 1st row) and AFM (2nd and 3rd rows) micrographs displayed in the 2nd (middle) column clearly show
the formation of a patchy surface layer that had not been present on the initial, smooth calcite surface (1st,
left-most column). A separate AFM experiment revealed that the layer that adsorbs onto the calcite surface
during aging is 100's of nm (~300 nm) in thickness. In that experiment, a thin gold-layer was coated on
the smooth calcite surface before aging to serve as an initial calcite thickness reference. The SEM-EDS
elemental analyses of the fully-aged calcite surface suggest that the ad-layer is comprised largely of organic
species, as seen with the large increase in the carbon (C) signal when comparing the SEM-EDS spectra
shown in Figure 5J vs Figure 5K. Note that the observed Ca and C emission energies appear to overlap;
however, the overlapping peaks can be de-convoluted based on the known Kα and Lα energies, which are
0.277 and 0.341 keV for Ca and C, respectively, distinguishing the Ca signal as the left shoulder of the C
signal. These results suggest that reservoir rock surfaces – which have been aged for prolonged periods –
are coated with these ad-layers prior to the introduction of SmartWater.

After flooding the fully-aged sample with low ionic strength SmartWater (such as [SW]/20 solution,
in this case), the SEM and AFM micrographs displayed in the 3rd (right-most) column of Figure 5 show
that SmartWater partially removes the patchy ad-layer that adsorbed onto the calcite surface during aging.
Furthermore, the SEM-EDS elemental analysis of the resultant calcite sample (see Figure 5L) shows a large
decrease in the carbon signal, suggesting the removal of materials – organics, in particular.

The removed patchy layers were observed macroscopically (by eye) to come off as light-reflecting
‘flakes’ (see Figure 6A and 6B). After fully-aged calcite was flooded with the different brine solutions (FW,
SW, and the four different SmartWater solutions of differently reduced in concentration SW solutions), thin,
but long (~1000 μm in length) sheets (termed as ‘flakes') were observed suspended (floating) in SW and
the different SmartWater solutions (i.e., with concentrations ranging from [SW]/2 and down to [SW]/100).
SEM-EDS analysis of the flakes indicated that the flakes are comprised of both organics and salt ions (see
Figure 6C) and exhibit largely amorphous, web-like character, corresponding to clustering of organics, with
some salt crystals scattered throughout the sample. The absence of a calcium (Ca) peak at ~3.6 keV that
is characteristic of calcite surfaces (see Figure 5J) for the SEM-EDS spectrum of the flakes (Figure 6C)
indicates that very little calcite is present in them. Similar conclusions regarding the chemical composition
of the flakes were also verified with analyses using x-ray photoelectron spectroscopy (XPS) and infrared
spectroscopy (IR).13
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Figure 5—SEM-EDS and AFM micrographs of physico-chemical – i.e., surface
roughness and chemical – changes to calcite after different conditioning treatments.

Figure 6—Appearance of organic-ionic flakes during the SmartWater Effect.

SEM (top, 1st row; Panels A-C) and AFM (2nd and 3rd rows; Panels D-I) micrographs captured at room
temperature in dry conditions and their corresponding schematics (4th row) of smooth, single-crystalline
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cleaned calcite (left-most column), fully-aged calcite (middle column; see Section 2.1.2), and fully-aged
calcite flooded using [SW]/20 solution (right-most column). The chemical elements present on each surface
were analyzed using SEM-EDS (5th, bottom row; Panels J-L). (As discussed in Section 2.3, small amounts
of a 75 Au:25 Pd mixture were coated on the sample surfaces to increase surface conductivity and imaging
resolution.)

Thin flakes were observed suspended (floating) in the solutions after flooding fully-aged calcite with
SW and the different low ionic strength SmartWater solutions. Panel A shows a snapshot of the flakes
(magnified in Panel B) observed in [SW]/20 solution. Panel C shows the SEM-EDS spectrum giving the
chemical elements present on the flakes from flooding fully-aged calcite with [SW]/20 solution.

By removing pre-adsorbed organic-ionic layers from the calcite surfaces, low ionic strength SmartWater
directly increases oil recovery, as organics (oil) are carried away from the surfaces by the suspended flakes.
Notably, the extent of the detachment of the organic-ionic ad-layers as flakes was observed to increase as
the solution concentration decreased.13 That is, the lower the ionic strength of the solutions, the higher the
density of the flakes observed suspended in the solution, which are ultimately removing larger amounts of
organics from the surface, in agreement with the SmartWater Effect.

The removal of these organic-ionic layers also changes the chemical composition of the underlying
surfaces. The surfaces are left with decreased amounts of hydrophobic organics on the surface layer and
the underlying – more hydrophilic – calcite also becomes more exposed. Both of these effects increase the
water-wettability of the rock surfaces. Moreover, Figure 5 also shows that, as expected, exposure to low
ionic strength SmartWater also roughens the underlying calcite surface (e.g., compare the SEM and AFM
micrographs displayed in the left-most vs right-most columns of Figure 5). As discussed in Section 3.2, this
surface roughening further decreases WCO/W/R.

Therefore, in addition to directly improving oil recovery by removing and carrying organics away
from the surface, the detachment of the organic-ionic flakes in the low ionic strength, undersaturated
SmartWater solutions also further decreases the overall WCO/W/R by leaving behind a roughened and more
hydrophilic underlying (predominantly calcite) surface with less organic materials. SmartWater of lower
ionic concentrations give rise to more pronounced effects, resulting in larger reductions of WCO/W/R and larger
increases in water-wettability, implying greater increased oil recovery. These effects are all in agreement
with and contribute to the SmartWater Effect.

Conclusions
From the results of theoretical modeling in conjunction with our experimental findings, we conclude
that the SmartWater Effect of decreasing the crude oil/water/rock (CO/W/R) adhesion energy, increasing
water-wettability, and, in turn, improving oil recovery via the injection of low ionic strength SmartWater
(comprised of seawater of reduced ionic concentration), is due to the combination of three different but
interrelated mechanisms (see Figure 7):
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Figure 7—Mechanisms of the SmartWater Effect.

1. Changes to the colloidal surface interaction forces (i.e., x-DLVO forces),
2. Roughening, dissolution, and restructuring of the underlying calcite surfaces, and
3. Removal of pre-adsorbed organic-ionic layers (ad-layers) as flakes that carry away oil.

The ψ values refer to the surface potentials, which determine the colloidal interaction forces; the symbol
of C denotes the concentration of the brine solution; the φ values are the surface roughness parameters for
the effective surface area of the calcite exposed to the brine solution.

1. Low ionic strength SmartWater decreases WCO/W/R by increasing the range of the repulsion due to
the EDL contribution of the colloidal forces acting between the CO and R surfaces across the thin
aqueous W film. This mechanism is in accordance with the conventional explanation applying the
x-DLVO theory for the SmartWater Effect. However, at ultra-low concentrations (e.g., <1 mol/L),
although the range of the EDL repulsion is large, its magnitude is negligible (see concentration C
pre-factor in the 1st term of Equation 2). This would lead to an upturn (increase) in WCO/W/R and a
downturn (decrease) in oil recovery upon further reduction of the ionic strength/concentration, and
suggests that – based on the colloidal interactions alone – an optimum ionic concentration, whereby
oil recovery is maximized, would be expected. It should also be noted that the x-DLVO theory for the
colloidal interactions applies strictly only to molecularly smooth and flat surfaces, which reservoir
rock surfaces typically are not.

2. Low ionic strength SmartWater (further) roughens the underlying calcite rock surfaces via mineral
dissolution (see Figure 7) due to its undersaturation of the calcium-containing minerals. Surface
roughness and roughening decrease the effective contact area between the CO and R (and/or F, flakes)
surfaces and, thereby, decrease the effective Weffective,CO/W/R. By incorporating the effect of reducing
the solution ionic strength on surface roughening and the effect of surface roughening on adhesion
energy, the SmartWater Effect can be explained to proceed down to the ultra-low ionic strength, pure
water limit: The lower the ionic strength of the SmartWater solution, the more undersaturated the
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calcium-containing species are. This results in a larger extent of mineral dissolution and, consequently,
roughening of the calcite surfaces. These effects ultimately also reduce Weffective,CO/W/R by a larger extent,
implying greater improvement in oil recovery – all in agreement with the SmartWater Effect.

3. Low ionic strength SmartWater detaches organic-ionic layers that have adsorbed onto the calcite
surfaces during aging as thin but long flakes suspended in the solution (see Figure 7). The lower the
ionic strength of the SmartWater, the greater the extent of the flakes’ detachment. The detachment of
these flakes removes and carries organics away from the rock surfaces, thereby directly improving
oil recovery, in agreement with the SmartWater Effect. Additionally, the removal of organics with
these flakes leave behind calcite surfaces with less hydrophobic organics, thereby increasing water-
wettability. This (partial) removal of the surface ad-layer also exposes the underlying calcite surfaces
for further roughening from dissolution in the undersaturated SmartWater solutions, thereby even
further increasing water-wettability. These latter two additional effects related to the effect of
SmartWater on removing pre-adsorbed organic-ionic layers are both consequences of and contributing
mechanisms to the effect of reducing the solution ionic strength on decreasing CO/W/R adhesion
energy and underscore the interrelatedness of all three mechanisms of the SmartWater Effect in
improving oil recovery.

We proposed a semi-quantitative model to explain the SmartWater Effect and demonstrated numerical
solutions using realistic values for the relevant system parameters. However, many of the parameters that
go into the equations are not general and would depend on the rock minerology, crude oil composition
(including the asphaltenes and organic acids), brine composition, and reservoir temperature for the specific
reservoir environment. Incorporating the complex and subtle effects of each of these parameters are natural
extensions for our model, in addition to integrating the specific effects due to key potential-determining
ions, such as sulfate ions.
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