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Abstract
This work focuses on a potentially economic incremental oil-recovery process, where a brine amended with inexpensive salts (in contrast
to expensive surfactants and other chemicals) is injected into a reservoir to increase oil production. Historically, this process received the
name of low salinity waterflooding (LSW) although the salinity is not always low(er). Nevertheless, we keep using this terminology for
historical reasons.

The idea of LSW has been known for three decades, but to the best of our knowledge no specific brine recipes that guarantee success
have been presented so far. The reasons hide in the problem’s complexity, disagreements in the scientific community, and a race to
publish rather than to understand the fundamental principles behind the process.

In this paper, we present an experimental model system that captures many of the important fundamental features of the natural
process of crude oil attachment to mineral surfaces, but at the same time decomposes this complex process into simpler parts that can
be more precisely controlled and understood. We systematically investigate the first-order chemical interactions contributing to the
well-known strong attachment of crude oil to minerals using SiO2 as a mineral for its surface chemistry simplicity.

Our preliminary results suggest that magnesium and sulfate ions are potent in detaching amino/ammonium-based linkages of crude
oil with a SiO2 surface. However, when used together in the form of MgSO4, they lose part of their activity to the formation of a MgSO4
ion pairs. We also find that sulfate-detachment propensity stems not from the interaction with prototype mineral surface, but rather from
the interactions with the crude oil-brine interface analog. We continue the systematic study of the ion effects on crude oil detachment,
with and more results following in the future.

Introduction
Low salinity or modified salinity waterflooding (LSW1) is an improved oil-recovery technique. The recovery supposedly occurs not by
reservoir re-pressurization, but also because of chemical interactions of the injected brine with mineral and crude oil interfaces. At the
affordable costs of mineral salts, such a recovery process has high economic potential. Yet the field applications have been limited, and
with unspecified success. The main reasons are the lack of clarity on the recovery mechanism, lack of predictive models, and lack of
standard process testing and assessment criteria.

The scientific community agrees that injected brine alters mineral wettability from more oil-wet to more water-wet, thus resulting
in an increase of recovery (Salathiel, 1973; Brady et al., 2015; Brady and Thyne, 2016; Shariatpanahi et al., 2016; Eftekhari et al.,
2017; Mwangi et al., 2018; Norrman et al., 2018). More specifically, pore-scale wettability is not uniform but has sharp transitions from
pore-wall regions that are exposed to crude oil to other pore-wall regions that are contacted by formation brine. The aforementioned
wettability change thus refers more specifically to the wettability change at the pore-scale, where the two pore-surface regions, (i.e., one
region that is mostly oil wet and another region that is mostly water wet) border each other (Kovscek et al., 1993). A slight change toward
water wetness could initiate counter-current spontaneous imbibition, and, therefore, produce incremental oil (Piri and Blunt, 2004). The
mixed-wettability rock is never reversed completely to the water-wet state. Even if the injected-brine advancing contact angle is high
(more than 90◦), spontaneous imbibition can still occur owing to the connate brine present in pore corners (Saad et al., 2022), roughness,
etc., that form a continuous, connected flow network throughout the reservoir.

At the microscopic scale, wettability alteration is caused by chemical interactions of the injected ions with mineral surfaces and the
crude oil-brine interface (Hassan et al., 2019; Hu et al., 2019; Yutkin et al., 2022). However, it is very difficult to answer the question

1While in many cases the injected brine does not have much lower salinity (and sometimes its salinity is higher) than the initial brine, the term LSW is still used for
historical reasons.
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Figure 1: Schematic of quartz crustal microbalance frequency signal typically observed in the experiments. ∆ f ′ indicates how much mass
adsorbs irreversibly. ∆ f ′′ and ∆ f ′′′ are used for estimation of desorption. Colored areas indicate different injection regimes and surface states.
The purple-gray area marks the baseline or reference signal. Pink areas indicate the process of polymer adsorption or desorption. Green areas
indicate regions where the polymer is irreversibly bound to the surface.

what chemical functional groups protrude from the aqueous side of the crude-oil-brine-mineral (COBM) interfaces and are responsible
for mineral/brine interactions; what bonds can be easily undone; or what ions contribute the most to wettability change. Therefore, the
exact chemical mechanism of wettability alteration, and thus of LSW, remains unknown.

In this contribution, we propose a systematic approach to gain more understanding of the chemical interactions in COBM and
possibly to answer these questions. Instead of a crude-oil brine interface, which is a complex mixture of chemicals, we use water-soluble
polymers decorated with only one type of chemical functional group at a time. Such polymers are good analogs of crude oil-brine
interface from a chemical point of view. Namely, such polymers are water soluble (i.e. interactions with the mineral surface occur in
aqueous environment, as in an oil reservoir), and are capable of interacting with mineral surfaces by forming a multitude of chemical
interactions, such as van der Waals bonds, hydrogen bonds, ion-complexation bonds etc. These features allow study of the contribution
of each individual functional group to the attachment and detachment of the polymer, and by analogy give more understanding about
crude-oil interactions with mineral surfaces. In addition, using a COBM model system, we study the propensity of different ions to detach
specific functional groups.

Methodology
We studied adsorption of functionalized polydextrans on SiO2 surface from NaCl brines using quartz crystal microbalance with dissipation
monitoring (QCM-D). A QCM-D Omega machine with 8 cells (Biolin Scientific, Sweden) was used for the adsorption experiments.
AT-cut quartz resonators coated with SiO2 (QSX 303) were obtained from Biolin Scientific, Sweden. The coated resonators were cleaned
and used without further surface characterization, because the manufacturer specified their surface properties. However, the cleaning
procedure is important for successful replication of the results.

The SiO2-coated resonators (QSX 303) were submerged into a freshly prepared piranha solution (3:1 by vol. H2SO4 and H2O2)
for 5 min at 50 ◦C, then rinsed with a copious amount of deionized water, followed by purging with Grade-6 (99.9999%) nitrogen until
fully dry. After cleaning, the sensors were placed in a QCM-D cell holder and transferred to the measurements chamber to start the
experiment. Flow of aqueous polymer solutions was initiated as described in Figure 1 and frequency and dissipation data were collected
for the first through thirteenth overtones. Experiments were replicated two times using one new resonator and another used one. For
data interpretation, we used the 5th overtone after filtering with a 2nd order low-pass filter with a cutoff frequency of 0.5 Hz and a 50 Hz
sample rate.

Quantifying polymer adsorption from the frequency data measured by a QCM-D equipment is tedious, because of the many possible
modes of experiment/adsorption (Munro and Frank, 2004). This work focuses on the characterization of the irreversible adsorption of
the polymers in the post-flush region and their desorption. The theory to interpret the frequency signals from the QCM-D experiments is
that of Voinova et al. (1999; 2002) (see also Hu et al. (2019)).
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where ∆ fn is the measured frequency shift at overtone number n relative to a baseline in air (vacuum), C is an equipment constant in units
of weight/area/frequency (C = 17.7 ng/cm2/Hz for a 5 MHz AT-cut quartz crystal), Γ̂ is adsorbed mass per unit area, typically in ng/cm2,
β is a second instrument constant, and ρ and η are, respectively, brine density and viscosity. Thus, frequency shifts for adsorption from
solution involve both polymer adsorption and the suspending liquid-solution properties. Observed frequency shifts are interpreted from
Equation 1 between two sequential baselines.

Figure 1 illustrates schematically the QCM-D experimental procedure to determine the amount of a prototype dextran polymer
irreversibly adsorbed on silica that can be desorbed by modified-brine flushing. First, a stable baseline is established in a 100-mM
aqueous NaCl brine with a frequency drift less than 0.15 Hz/min for at least 5 overtones and a minimum of 15 min (purple-gray area
in Fig. 1). Then a dilute aqueous Q-dextran polymer is injected for 30 min at a constant flow rate of 50 µL/min (first pink and white
areas). In this conference paper, we limit the narrative only to a 20 kDa polydextran decorated with the amino- and quaternary ammonium
chemical functional groups (analogs of protonated amino-groups at the COBM interface), and with a group density of 4 – 5 per chain
(Q-dextran). Then the baseline brine is re-injected (first green area) for 1 h to desorb any reversibly attached polymer. The resulting
stabilized frequency signal yields irreversible adsorption of this Q-dextran (∆ f ′). Since ∆ f ′ is measured relative to the aqueous solution
background, Eq. 1 reduces to the celebrated Sauerbrey (1959) relation

Γ̂irr =−
C
n

∆ f ′ (2)

Next, a desorption (or LSW) brine is injected (second pink area in Fig. 1). Because injection of a modified brine involves both
a density/viscosity change and possible polymer desorption, the observed frequency shift involves two contributions. The first initial,
almost step drop in frequency in Fig. 1, is due mainly to the density/viscosity change between the two brines from Eq. 1:

∆ f ′′′

n
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The dotted line in Fig. 1 reflects ∆ f ′′′ from Eq. 3. After the modified brine desorbs polymer and stabilizes (second green area in Fig. 1),
the frequency change is gauged relative to the original 100-mM aqueous NaCl baseline by ∆ f ′′. Finally, from Eq. 1, we assess the amount
of initial irreversibly adsorbed polymer mass desorbed by the modified brine by the expression

Γ̂desorb =
C
n
(∆ f ′′−∆ f ′−∆ f ′′′) (4)

In this manner, the efficacy of various modified brines in detaching irreversibly attached prototypical asphaltene side groups from the
rock and thereby improving rock water wettability can be roughly screened without time-consuming coreflood experiments.

Results and Discussion
Choice of Model System. Figure 2a represents schematically a widely accepted view of the interaction of the crude oil-brine interface
with a mineral rock surface. A thick skin of asphaltene agglomerates builds up at the crude oil-brine interface. The polar groups of
asphaltenes protrude into the aqueous phase. When oil recedes water/brine from the rock surface, at some water film thickness, the
protruding functional groups can molecularly interact with the mineral surface in aqueous phase.

This is an incredibly complex system that is hard to model or study experimentally (Hu et al., 2018). Figure 2b shows a simplified
model system that mimics the conceptual picture in Fig. 2a. The presented model system mimics attachment of crude-oil-brine interface
appendages to a mineral surface through a thin water film. The attachment is thought to occur through the physicochemical interactions of
chemical functional groups protruding from the crude-oil-brine interface and reaching the mineral surface. All these interactions happen
at reservoir conditions i.e. temperature, pressure, salinity etc.

Our simple COBM mimic has no temperature and pressure dependence, but it captures fundamentally important aspects of reality
that supersede these two effects. First, in our model system, irreversible adsorption of the polymer happens in an aqueous environment.
This aspect is essential, because brines are always present in oil reservoirs, but it is often ignored or overlooked (Dudášová et al., 2008;
Abudu and Goual, 2009; Farooq et al., 2011; Tavakkoli et al., 2014; Nourani et al., 2016; Erzuah et al., 2018; Farooq et al., 2019).
However, the presence of water has a serious impact on the types of chemical interactions that can occur in a COBM system. For example,
an aqueous environment favors hydrophilic and ionic interactions, and disfavors hydrophobic or π-surface interactions. Therefore, the
choice of water-soluble polymers as analogs of crude-oil-brine interface appendages is not coincidental.

The low salinity brine used in our model system is a matter of convenience. Higher salinities require higher molecular-weight
polymers and/or higher functional-group densities. For instance, little to no irreversible adsorption could be observed at the salinities
higher than 0.5 M for 20 kDa Q-dextran. Although pressure has very little effect on homogeneous liquid phase reactions, temperature
effects can be easily investigated within the operating limits of our equipment.
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Figure 2: (A): Schematic of the commonly accepted interaction mode of a crude oil-brine interface with a mineral surface. (B): A simplified
interaction model adopted in this work to study possible crude oil detachment strategies. Red brackets indicate formation of ion complexes
or bonds.

Finally, the choice of functional groups is not random. Although many functional groups can contribute to the surface interactions,
we narrow our list to those that can potentially contribute the first-order effect in aqueous environments. For example, based on our
experiments and literature data, we exclude OH groups from consideration. Non-functionalized polydextrans containing only hydroxyl
functional groups are known to adsorb irreversibly to silica surface, but only at very high molecular weights (& 1 MDa) (Baudin et al.,
1990). In our experiments, a 20 kDa polydextran functionalized with only 4 quaternary ammonium groups per chain, adsorbed irreversibly
to silica, a non-functionalized dextran did not. Clearly, the contribution from quaternary ammonium or protonated amino- groups is first
order. By the same reasoning, we selected carboxylic and sulfate functional groups for further investigation. This is on-going work.

Figure 3: A typical experimental QCM-D frequency response in irreversible adsorption followed by desorption experiments. The colored
areas are coded as per description in Fig. 1. The injected polymer is 1-mM Q-dextran in 100-mM NaCl brine (i.e. baseline brine injected in
the purple-gray region and the first green region). The desorption (or LSW) brine is 100-mM MgCl2 (i.e. desorption brine). The solid blue
line indicates frequency response. The dashed black line indicates dissipation response; the dotted blue line indicates response without
desorption (determined separately).

Adsorption Results. Figure 3 exemplifies an LSW brine-screening experiment with QCM-D. The color coding is analogous to that
in Fig. 1. First, a stable zero signal is obtained with 100-mM NaCl brine (the purple-gray region). After 20 min, a 1-mM polymer (Q-
dextran, 20 kDa) solution in a 100-mM NaCl brine is injected at a constant flow rate. The frequency drop indicates polymer adsorption.
Adsorption continues for 60 min in the pink region.

At 80 min into the experiment, the baseline 100-mM NaCl brine is injected again. Upon injection of the baseline solution, polymer
desorption commences from the SiO2 surface, as indicated by the abrupt rebound in frequency signal followed by slow growth. The green
region from 80 to 140 min marks the desorption process. At the end of the desorption process, there is still polymer left at the surface
as indicated by the non-zero frequency signal (at 140 min). The remaining polymer on the surface is irreversibly bound and cannot be
detached by the baseline brine. This is analogous to irreversible attachment of the crude oil-brine interface to a mineral surface.

At 140 min into the experiment, a 100-mM MgCl2 LSW brine is injected. The frequency signal drops because of the associated
density/viscosity effect in Eq. 3. However, after that the signal slowly climbs. After 60 min of continuous injection, we stopped the
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desorption process for final evaluation. The estimation of desorbed amount requires knowledge of the adsorbed amounts as well as the
magnitude of density-viscosity effect (shown by the dotted line measured separately) and the remaining amount of the polymer at the
surface. Using Eq. 4, and a density/viscosity effect of −10.5 Hz, we estimate that 45% of the polymer desorbs by injecting 100-mM
MgCl2. The mechanism of detachment by magnesium ion proceeds through the competition for ion-exchange sites at the SiO2 surface.
A reasonable extension of this observation is a study of the Hofmeister series with increasing ion size and decreasing dehydration energy.
Modeling of the polymer adsorption via surface complexation is yet another problem to tackle.

Using this approach, we have screened MgCl2, CaCl2, NaCl, Na2SO4, and MgSO4 salt-containing brines for their propensity to
desorb the irreversibly adsorbed Q-dextran. Some of these results are summarized in Table 1 and Figure 4. Making definitive conclusions
requires a more systematic study, but the results to-date suggest some enhanced detachment capability for sulfate ion (compare lines 1
and 4 of Table 1), magnesium ion (see lines 2 and 3), and calcium ion (see lines 1 and 2).

The fact that sulfate ions aid in the detachment of a positively charged polymer from a negatively charged surface is interesting by
itself. Apparently, this mechanism involves the interaction of sulfate ions with positively charged chemical groups of the polymer, not
primarily with the SiO2 surface. Indeed, at higher sulfate concentrations we do detect adsorption of sulfate onto the irreversibly adsorbed
polymer. At lower concentrations of sulfate ion, adsorption is below the detection limit.

The positive effect of sulfate and magnesium and calcium ions on incremental oil recovery has been reported before. Our experiments
confirm it (Austad et al., 2012; 2015; Sharma and Mohanty, 2018). However, in our experiments, when combined together, magnesium
and sulfate perform poorly (see lines 3–5 of Table 1). This behavior is due to the formation of MgSO4 ion pairs, which at standard
conditions is the most abundant ion pair in seawater (Garrels and Thompson, 1962; Leung and Millero, 1975). However, this effect can
disappear at higher temperatures and concentrations/salinities. More research is required.

Arriving at such conclusions from the standard petrophysical experiments, such as Amott imbibition, would be difficult or nearly
impossible, because of the large number of uncontrolled and unknown factors. We continue our efforts to screen systematically the
different LSW brine candidates for single and dual salt solutions. Additionally, we plan to extend the screening to carboxylate and sulfate-
decorated polydextrans, as well as polydextrans decorated with two functional groups simultaneously, (e.g., quaternary ammonium and
carboxylate).

Finally, our quantification of the propensity of ions to detach irreversibly adsorbed polymers from mineral surface should be tested
at a core scale at elevated temperature and salinity in, for example, in the Amott-cell imbibition experiments using real crude oils.

Table 1: Summary of irreversible adsorption/desorption results by different (or LSW) brines. In all experiments, adsorption brine was 100 mM
NaCl and polymer was 20 kDa Q-dextran

# Desorption (LSW) brine Γ̂irr, ng/cm2 Γ̂desorb, ng/cm2 (%)a ∆ f ′′′5 , Hz (ng/cm2)b

1 300 mM NaCl 212.4c 74.5 ± 4.4 (35 ± 2) −4.75 (84)
2 100 mM CaCl2 191.2 132.75 ± 8.85 (69.4 ± 4.6) −9.5 (168.15)
3 100 mM MgCl2 267.3c 122.6 ± 11.6 (45.5 ± 4.3) −10.5 (185.85)
4 100 mM Na2SO4 204 72.6 ± 8.85 (35.6 ± 4.3) −10.2 (180.5)
5 100 mM MgSO4 184.4 86 ± 6.4 (46.6 ± 3.5) −14.35 (254)
a The error is based on repeatability of ∆ f ′′′
b Versus 100 mM-NaCl brine
c Longer adsorption times (60 min) than in other experiments (30 min)

Figure 4: Summary of LSW brine desorption (see Table 1). The solid-line rectangle heights indicate total irreversibly adsorbed polymer amount
in ng/cm2 before LSW treatment. The heights of the blue-lined rectangles indicate polymer amounts irreversibly bound to the surface after
LSW-brine treatment. The heights of the gray dotted rectangles indicate the desorbed polymer amounts after the LSW brine treatment.
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Conclusions
• We present a simplified but chemically realistic model of the crude oil-brine interface and its interactions with a mineral surface.

The core of the simplified system is a water-soluble polymer that can be decorated with only one kind of a chemical functional
group, which allows isolation of specific chemical interactions and study of the crude oil-brine interface interaction with mineral
surfaces.

• Using the simplified COBM model system, we investigated attachment and detachment of crude oil-brine interface appendages
from a SiO2 surface in the form of adsorption/desorption of a cationic polydextran on a quartz crystal microbalance coated with
SiO2.

• We find that a relatively low molecular weight (20 kDa) polydextran with 4 quaternary ammonium functional groups adsorbs
irreversibly to SiO2 surfaces, contrary to its non-functionalized analog.

• We quantify the propensity of different single-salt brines to detach the irreversibly adsorbed quaternary ammonium polydextran,
which is taken analogous to the detachment of a crude oil-brine interface from mineral surface in a reservoir environment.

• Our preliminary results suggest that aqueous calcium, magnesium, and sulfate ions notably weaken the specific interactions of
quaternary ammonium functional groups with silica.

• When magnesium and sulfate are combined together in the form of MgSO4, the effect does not amplify. We suggest that the
strong tendency of magnesium and sulfate ions to form an MgSO4 ion pair prevents polymer detachment. MgSO4-ion pairs are
well-known as the most abundant ion pairs in seawater at standard conditions.

• Polymer detachment by sulfate ions is due to the interaction with the positively charged quaternary ammonium groups. Sulfate out
competes the SiO2 surface in interacting with the positively charged polymer.

We plan to continue development of this approach. Currently it allows fast screening of different brine compositions for the detach-
ment/desorption of different crude oils. Oils with high base number are better approximated by polymers with quaternary ammonium
functional groups, and crude oils with high acid number are better approximated with polymers with carboxylate functional groups.
Ongoing work transfers the current screening results to core-plug scale Amott-cell imbibition experiments.
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