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Surfactant losses by adsorption to rock surfaces make surfactant-based enhanced oil recovery economi-
cally less feasible. We investigated polyacrylate (PA) as a sacrificial agent in the reduction of anionic sur-
factant adsorption with focus on calcite surfaces by using quartz crystal microbalance with dissipation
monitoring. It was found that the adsorption of the anionic surfactant alcohol alkoxy sulfate (AAS) fol-
lowed a Langmuir adsorption isotherm, and the adsorbed amount reached saturation above its critical
micellar concentration. Adsorption of PA was a much slower process compared to AAS adsorption.
Increasing the calcium ion concentration also increased the amount of AAS adsorbed as well as the mass
increase rate of PA adsorption. Experimental results combined with density functional theory calcula-
tions indicated that calcium cation bridging was important for anionic surfactant AAS and PA adsorption
to calcite surfaces. To effectively reduce the amount of surfactant adsorption, it was needed to preflush
with PA, rather than by a simultaneous injection. Preflushing with 30 ppm of PA gave a reduction of AAS
adsorption of 30% under high salinity (HS, 31,800 ppm) conditions, compared to 8% reduction under low
salinity (LS, 3180 ppm) conditions. In the absence of PA, the amount of adsorbed AAS was reduced by
already 50% upon changing from HS to LS conditions. Lower calcium ion concentrations, as under LS con-
ditions, contributed to this observation. On different mineral surfaces, PA reduced the AAS adsorption in
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the order of alumina > calcite > silica. These results offer important insights into mitigating surfactant
adsorption using PA polyelectrolyte as sacrificial agent and contribute to improved flooding strategies
with reduced surfactant loss.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With the growing demand for oil production and achieving
more efficient extraction of residual oil from petroleum reservoirs,
tertiary oil recovery, also known as enhanced oil recovery (EOR),
has been receiving substantial attention [1,2]. One of the more
promising methods is chemical EOR (cEOR), which is the process
of injecting chemicals (polymers, alkalis, and surfactants) into
the reservoirs. Ample amounts of injected solutions contribute to
the formation of micro emulsions through substantially lowering
interfacial tension between oil and water, altering the mineral wet-
tability, and producing foam for an improved sweep efficiency
[1,3–6]. The major issue that reduces the recovery efficiency in
cEOR is surfactant losses owing to adsorption to the rock surfaces
[7,8]. Strong surfactant adsorption results in their chromatographic
retardation when surfactants are carried through the pores of the
reservoir rocks, rendering the cEOR process unproductive and com-
mercially less viable [9]. To realize effective transport of surfac-
tants through reservoir rocks, it is of great significance to
investigate the factors affecting surfactant adsorption and with this
knowledge to optimize the flooding conditions to arrive at a
reduced surfactant loss.

In the surfactant-water-mineral systems, the amount of surfac-
tant adsorption relies on the rock composition, surfactant proper-
ties, solution chemistry (i.e., salinity, ionic composition, and pH),
and the reservoir temperature [4,5,10–14]. Several experimental
studies covering different aspects of surfactant adsorption pro-
cesses have been investigated and mainly include adsorption
kinetics [6], adsorption isotherms [10], adsorption mechanisms
[12], and structures of surfactant layers [15–17]. A vast majority
of research has been focused on minerals typical for sandstone (sil-
ica) reservoirs. However, approximately 60% of the world’s oil
reservoirs are found in carbonate fields (limestone, chalk, and dolo-
mite) [18]. Bearing in mind the mineralogical differences, carbon-
ate rocks could undergo dissolution, recrystallization, and
mineralogical replacement, which make the investigation of
adsorption on carbonate rocks to be more complex compared to
sandstone surfaces. It has been shown that the adsorption of ionic
surfactants on charged rock surfaces is strongly pH dependent
[4,6]. Around neutral pH, silica has a negatively charged surface,
while calcite, alumina, and dolomite surfaces are primarily posi-
tively charged [2,19]. Traditionally, added alkali like sodium car-
bonate has been used to increase the local pH, and therefore
increasing the negative charge density of the surface, which leads
to a reduction of anionic surfactant adsorption [20].

Another important factor influencing the surfactant adsorption
to rock surfaces is the ionic compositions of the surfactant flooding
solution [21–23]. Divalent cation, such as Ca2+, is capable of acting
as ionic bridges between anionic surfactants and negatively
charged surfaces, and therefore favoring anionic surfactant adsorp-
tion [23–25]. On silica surfaces, it was shown the quantity of
sodium dodecyl sulfate adsorption doubled when the contained
(monovalent) sodium ions were substituted by (divalent) calcium
ions [26]. A higher calcium ion concentration in the solution
enhances the amount of adsorbed calcium ions in the Stern layer
of the silica surface as deduced from the observed increase of zeta
potential [11]. It is also usually observed that the adsorption of
anionic surfactants increased with higher salinities and higher
2

divalent cation concentrations in the solution [8,27]. The exchange
of monovalent ions near the rock surface by divalent cations com-
ing from the flooding solutions promotes the adsorption of anionic
surfactants [23]. A cEOR process combining the injection of low
salinity (LS) water and surfactant has been proven to be more
effective compared to only LS or only surfactant flooding [28,29].
The dominant role of present divalent cations near silica and alu-
minosilica surfaces was also demonstrated under LS water flooding
conditions by varying its concentration [24,30].

In order to extend the reduction of anionic surfactant adsorp-
tion to reservoir rocks, addition of anionic polyelectrolytes as the
sacrificial agent can be very useful, because they compete with
anionic surfactants for the rock surface binding sites. Since the final
loss of such sacrificial agents is less expensive compared to surfac-
tants, the use can be cost effective. Lignosulfonate polyelectrolytes
have been applied successfully as an inexpensive preflush chemical
to reduce the loss of anionic surfactants [31]. Also sodium poly-
acrylate of molecular weight (MW) > 4500 g/Mol is able to signif-
icantly reduce anionic surfactant adsorption on both Berea
sandstone and Carlpool dolomite rock [32]. A different relationship
between polymer MW and surfactant adsorption was found for
poly(ethylene oxide), increasing the MW of poly(ethylene oxide)
caused a reduction of cationic surfactant adsorption on silica
[33]. The addition of polystyrene sulfonate has been shown to inhi-
bit the adsorption of anionic surfactants at high saline conditions
[25]. It was reported that the cationic polyelectrolyte polydiallyl
dimethylammonium chloride was able to lower anionic surfactant
adsorption [34]. To minimize surfactant adsorption, the use of
polyelectrolytes has been evaluated onto high surface area miner-
als (mainly calcite, dolomite, quartz, and illite) [35]. Also the speci-
fic counterions (bromide, chloride, etc.) have an important effect on
the co-adsorption of polyelectrolytes and surfactants onto silica
surfaces [36]. The sequence of flushing surfactants and polyelec-
trolytes was found to be important on the effectiveness of the
reduction of surfactant loss. A preflush with only polyelectrolytes,
followed by surfactant injection, has been found to be more effec-
tive compared to an injection of a mixture of surfactants and poly-
electrolytes [34,37]. Although various aforementioned
polyelectrolytes have been proposed to reduce the surfactant
adsorption, the dynamic adsorption process is not yet completely
understood.

In this study, we have investigated in detail the adsorption
behavior of a commonly used anionic surfactant alcohol alkoxy
sulfate (AAS) and the anionic polyelectrolyte polyacrylate (PA)
both applied separated and in combination. PA is of interest
because it is a polyanion that is able to bind to mineral surfaces
in competition with surfactants. Often we observed a high surface
coverage and a slow desorption. Using quartz crystal microbalance
with dissipation monitoring (QCM-D), the dynamic adsorption
process of both AAS and PA can be easily monitored in real-time
by recording the shifts in the resonant frequency of the quartz
crystal for the first time. The frequency shift can be related to a
change in adsorbed/desorbed mass [19,38,39]. The experiments
described in this study were mainly performed on the calcite
coated crystal as a model for carbonate rocks, and parts of the
results were compared to results obtained from using silica and
alumina surfaces. We have chosen harsh solution conditions, like
high salinity (HS) and high hardness (high calcium ion content)

http://creativecommons.org/licenses/by/4.0/
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to mimic real surfactant flooding conditions. For comparisons
some experiments were performed under low salinity (LS) condi-
tions. Finally, we have identified the efficiency of using PA to
reduce anionic AAS surfactant adsorption.
2. Experimental section

2.1. Chemicals and solutions

The anionic AAS surfactant having a MW = 700 g/Mol was sup-
plied by Shell Global Solutions, which contains primarily C12 or C13

alkyl tails connected via seven propoxy units to a head group of
ether-sulphate. Such an AAS surfactant is widely applied in cEOR
with excellent divalent cation tolerance and is relatively inexpen-
sive in comparison with other types of EOR surfactants [40]. Poly
(acrylic acid, sodium salt) (PA, MW = 8,000 g/Mol) is a polyanion
obtained from Sigma Aldrich. The molecular structures of AAS
and PA are shown in Fig. 1a, and all compounds were utilized as
received. Salt solutions were made by blending ultrapure deion-
ized water (Milli-Q, resistivity of >18.2 MX�cm) with the appropri-
ate amount of NaCl (500 mM) and CaCl2 (0–100 mM), which were
obtained from Sigma Aldrich and had purity grades of >99.0%. To
prevent the dissolution of the used calcite sensors, the Milli-Q
water was pre-equilibrated with an aqueous 0.1 mM CaCl2 solu-
tion, a slightly higher concentration than the equilibrium concen-
tration of Ca2+ in a calcite solution [41]. The prepared surfactant
solution was made by dissolving the appropriate amount of AAS
with the aqueous salt solution and the solution pH was regulated
to the desired value with a Metrohm 827 pH meter.

2.2. Coated QCM-D crystals

The quartz crystals coated with calcium carbonate (CaCO3, QS-
QSX 999), silicon dioxide (SiO2, QS-QSX 303), and aluminum oxide
(Al2O3, QS-QSX 309) were purchased from Biolin Scientific. It has
an AT-cut quartz crystal (0.3 lm in thickness and area of
0.2 cm2, see the inset in Fig. 1b) with a fundamental resonance fre-
quency (f 0) of 5 MHz. Most experiments were performed on calcite
coated sensors, and a few on silicon dioxide and aluminium oxide
for comparisons. Before using these sensors, they were subse-
quently rinsed with ethanol and isopropanol, and mildly dried
under the flow of nitrogen gas. Next, the sensors were mounted
Fig. 1. (a) The molecular structure of used AAS surfactants and PA polyelectrolytes (n = 8
inset is the calcite modified sensor (14 mm in diameter) used for QCM-D surfactant ads

3

to the flow module and adapted to the appropriate position. The
reuse of the sensors is determined by the obtained repeatability
of the output signal during experiments. To alleviate the drift
effects of signals, each sensor was utilized less than five times.

2.3. Surface characterizations and viscosity measurements

Atomic Force Microscopy (AFM) topography image of calcite
surface was collected in tapping mode with a silicon tip (NSG03,
NT-MDT) that had a nominal spring constant of 0.4–2.7 N/m and
tip radius around 7 nm. The scan rate was 1 Hz. As shown in
Fig. 1b, the calcite surface is very smooth, with a low surface
roughness of 1.52 nm of root mean square height. The silica and
alumina coated sensors showed similar roughness as calcite, which
was consistent with previously obtained results [39]. A JSM-IT200
IntouchscopeTM scanning electron microscope (SEM) from JEOL was
used to study the larger morphology of sensors. The SEM images
was obtained under high voltage and high vacuum conditions at
magnifications up to 1000 times (Figure S1). The viscosity proper-
ties of studied solutions were characterized by oscillation shear
rheometry (Physica MCR 501 rheometer, Anton Paar) with a
cone-plate geometry. The reported viscosity data are the averaged
values of three measurements. The obtained results are shown in
Figure S2. The determined viscosity differences at room tempera-
ture between HS (50 mM CaCl2 with 500 mM NaCl, 31,800 ppm),
HS with 0.15 wt% AAS (2.1 mM, which was well above its CMC),
and HS with 0.15 wt% AAS and 30 ppm PA are less than 0.04 mPa�s.
The viscosity curves of HS + AAS and HS + AAS + PA are almost
overlapped. Therefore, any effect of bulk viscosity change on fre-
quency shift can be excluded.

2.4. QCM-D principle

The adsorption behavior of surfactants was investigated using a
QCM-D (E1, Q-sense), which measured the change in resonance
frequencies and dissipations of the coated quartz crystals. When
an alternating current is employed to the electrodes, shear stress
is generated because of the piezoelectric property of quartz, lead-
ing to the oscillation of the crystal at its fundamental resonance
frequency (f). The shift in f was recorded when the oscillating crys-
tal contacted with an aqueous solution, which was the result of the
next three contributions: mass loading (Eq. (1)), [42] liquid loading
5). (b) AFM topography image (20 � 20 lm2) of calcite modified sensor surface. The
orption measurements.



Fig. 2. Schematic representation of the monomer (a) and dimer (b) of surfactant
AAS or PA polyelectrolyte model molecules binding a cation ion (Na+ or Ca2+) to the
calcite surface. The difference in interaction energies between the monomer/dimer
in the water phase and to the calcite surface was used to estimate the likelihood of
cation bridging.
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(Eq. (2)), [43] and liquid trapping (Eq. (3)), [44] described by the
equations below.

Mass loading (Sauerbrey equation):

Df ads ¼ �2nf 20Dm
qqvq

¼ �nDm
C

ð1Þ

Liquid loading:

Df liquid loading ¼ �
ffiffiffiffi
n
p

r
2f 1:50

qqvq
ð ffiffiffiffiffiffiffiffiffiffiffi

q1l1

p � ffiffiffiffiffiffiffiffiffiffiffi
q2l2

p Þ ð2Þ

Liquid trapping:

Df liquid trapping ¼ � 2f 20
qqvq

hlðql � qsÞ ð3Þ

where Dm is the adsorbed mass, f 0 is the fundamental resonant fre-
quency, n = 1, 3, 5, is the overtone number, C is the mass-sensitivity
constant of 17.7 ng/cm2/Hz, qqis the specific density (2650 kg/m3),
vq is the shear wave velocity (3,340 m/s), hl is the thickness of the
trapped liquid. Subscripts 1 and 2 refer to different solution densi-
ties and viscosities, whereas the subscripts s and l refer to the sol-
vent and liquid mixtures, respectively. The adsorbed mass of a
thin, rigid, uniformly distributed layer can be calculated with Eq.
(1). When Newtonian fluids flow over the crystal, the frequency
shifts because of the changes in viscosity and density of injected
solution were estimated with Eq. (2). The surface roughness of the
quartz crystal can also influence the frequency shift due to the liq-
uid trapping by interfacial cavities and pores, [45] and this contri-
bution was calculated using Eq. (3). However, this effect of liquid
trapping was neglected, because all our used sensors were atomi-
cally flat.

2.5. QCM-D experimental procedures

Prior to each experiment, the contacting parts of the flow mod-
ule were also rinsed by following the same procedures as for clean-
ing the coated sensor. All experiments were conducted at 23 ± 0.
1 �C and at a constant flow rate of 200 lL/min. First, Milli-Q water
equilibrated with aqueous 0.1 mM CaCl2 solution was injected into
the flow modules by using a peristaltic pump (ISMATEC, ISM935C).
Simultaneously, the resonant frequency and dissipation shifts of
different overtones of the crystal were monitored. It was observed
that the fifth resonant frequency showed a better signal-to-noise
ratio and was therefore selected in this work. The baseline was
regarded to be stable if during a period of 10 min, the frequency
change was less than �1 Hz. If the reference signal (starting signal)
was stable and reproducible, a salt solution was injected and then
followed by continuous the surfactant solution injection. Next, the
solution was exchanged to Milli-Q or salt solutions to see if the sig-
nal returns to the starting position. Each adsorption measurement
was repeated 2 to 4 times to ensure the accuracy and reliability of
the obtained results. Finally, Milli-Q water was flushed for 45 min
to rinse the entire system. The density and viscosity of the salt
solutions were found to be similar to the salt solutions in the pres-
ence of 0.15 wt% (2.1 mM) surfactant, therefore the liquid loading
effect was neglected (see Sections 2.3 and 2.4). The quantity of
adsorbed surfactants was calculated by the frequency difference
between salt and surfactant solutions, i.e.,
Df ads surfactantð Þ ¼ Df surfactantþsalt � Df salt . The averaged values were
taken and used for the calculations.

2.6. Density functional theory (DFT) calculations

Using DFT calculations the binding energy values among vari-
ous functional groups can be estimated. These calculations were
4

performed to compare the cation bridging capabilities of AAS and
PA carrying a cation (Na+ and Ca2+) to the calcite surface. DFT cal-
culations were performed with the TURBOMOLE program (v6.5),
[46] using the Becke-Perdew functional, [47,48] the triple-f
valence plus polarization basis set, [49] and the COSMO implicit
solvent model [50]. All the binding energies for the complexes
were calculated by subtracting basis superposition errors using
the counterpoise correction provided in TURBOMOLE program. To
model PA in its anionic state, deprotonated octanoate was used,
where the terminal six carbon atoms were fixed during the opti-
mization [24,25,51]. The possible configurations of octanoate
molecules can be present in a monomer and/or dimer, such as
octanoate-Ca2+-octanoate. Such simplified dimer configurations
may interact to calcite surfaces because of an unevenly charge dis-
tribution [51]. Using the same method, the AAS surfactant was
modeled by replacing the carboxylate group in octanoate with a
sulfate or a propoxy group, mimicking the functional groups of
AAS. Here, we were interested in the binding strengths between
carboxylate, sulfate and propoxy groups, and calcite surfaces via
a cation bridging. Thus, the interactions between these groups to
mineral surfaces and the interactions in solutions containing
cations (Na+ and Ca2+) were calculated. The differences between
interaction energy to mineral surface and in solution, i.e. the bind-
ing energies, were calculated for both monomers and dimers, as
shown in Fig. 2. Ion bridging would take place if the binding energy
is negative, which contributes to a favoured adsorption. A much
smaller relative value of the binding energy is expected for the
monovalent ions (Na+) in comparison to the divalent ions (Ca2+),
since the monovalent ions are not capable to form cation bridges
to the surface.
3. Results and discussions

3.1. Adsorption behavior of AAS and PA

We first investigated the separate adsorption of AAS and PA on
calcite sensors by using QCM-D at room temperature (23 ± 0.1 �C)
in aqueous 50 mM CaCl2 at pH = 9.5. The observed frequency shifts
were plotted as a function of time for the different applied AAS and
PA concentrations (Fig. 3a and c). In addition, the maximum
amounts of AAS adsorbed (in frequency shift values) were plotted
as a function of their applied concentrations (Fig. 3b) and also the
adsorption rates of PA at different applied concentrations (Fig. 3d).

As shown in Fig. 3a, a larger frequency shift was observed when
changing from only salt solution to an AAS containing solution,



Fig. 3. Real-time frequency shifts for the adsorption of (a) AAS and (c) PA at different applied concentrations. In the desorption process, firstly flushing with the salt solution
for AAS and PA, and next with Milli-Q water only for PA gave a complete desorption. The maximal frequency shift observed as function of the applied concentration of (b) AAS
and (d) the adsorption rate as function of the concentration of PA. The data for AAS adsorption were fitted according to the Langmuir adsorption model (b, solid line). The unit
conversion: 1 wt% = 10,000 ppm.
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which was interpreted as an increased AAS adsorption on the cal-
cite modified sensor surface. With an increase of AAS concentra-
tion, a larger frequency drop was observed (Fig. 3a and S3). The
maximum frequency shift (the maximal amount of adsorbed
AAS) was found at an applied AAS concentration around 0.02 wt
% (=0.3 mM, Fig. 3b), which is about four times the critical micelle
concentration (CMC ~0.005 wt%, 0.07 mM). The observed increase
of AAS adsorption above the CMC of AAS indicates that the affinity
of AAS monomer to the surface is slightly higher compared with
their affinity towards micelles. It might also be that the presence
of impurities in the technical grade AAS contributes to this obser-
vation. Adsorption of AAS stopped as the surface was occupied. The
Langmuir model was applied to the adsorption isotherm, and all
the data showed a good correlation with the Langmuir equation
that had an observed regression coefficient larger than 0.96, as is
shown in Fig. 3b. From the applicability of the Langmuir model,
it can be concluded that the AAS adsorption affinity on calcite sur-
faces is independent of the coverage of already adsorbed AAS.
Likely, the interaction between the AAS head group and the surface
via calcium ion bridging is thus much more dominant compared to
the expected favorable mutual alkyl-alkyl interactions.

Based on the obtained maximal frequency shift of ~23 Hz
(Fig. 3b), the calculated mass increase was 4.1 mg/m2, by using
the mass-sensitivity constant of 17.7 ng/cm2/Hz for the used
quartz crystal (see Section 2.4). Using the molecular weight of
AAS of 700 g/Mol, this mass equals to 5.9 � 10�6 Mol/m2 = 3.5
5

molecules/nm2. Since the AAS adsorbs to the surface in contact
with an aqueous environment, it is likely that a bilayer of AAS is
formed. For a tightly packed monolayer a single molecule occupies
an area of 0.40 nm2, [52–54] it is therefore clear that in our situa-
tion a loosely packed bilayer has been formed. Looking into the
AAS desorption process (as deduced from the slope of the desorp-
tion curve) after AAS adsorption from a 0.15 wt% solution (blue
curve, Fig. 3a), we always observed a two-step process with first
a small and fast desorption (2.3 Hz/min), followed by somewhat
slow and more gradual increase towards the final baseline. The
first process (a small step in the blue curve of Fig. 3a) was likely
ascribed to the release of weakly adsorbed AAS outer surfactant
molecules. Desorption of AAS from a lower concentration solution
showed only a single desorption process (0.01 wt% red and
0.00025 wt% black curve, Fig. 3a). Looking also here to the slopes
of the desorption curves, it is seen that for the second desorption
step for 0.15 wt% (blue) and for 0.01 wt% (red) the slopes are more
or less similar, while for 0.00025 wt% (black) the slope (1.1 Hz/
min) is higher, but not as high as observed for the first desorption
step of 0.15 wt% (2.3 Hz/min). This observation might point to AAS
desorption from a loosely packed monolayer directly bound to the
sensor surface.

Another remarkable observation is that the adsorption rates
(~15 Hz/min) observed for 0.15 wt% and 0.01 wt% of AAS are fast
compared to the much slower adsorption rate (0.7 Hz/min)
observed for 0.00025 wt% AAS. We interpret this difference by
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the difference in free monomer AAS concentration, which is in the
first two cases similar to the CMC and thus more or less constant,
while for the last situation the free monomer is below the CMC.
Therefore, in that case the AAS monomer concentration gradient
to the surface is lower, and a lower adsorption rate is expected.
The quality of the used calcite sensors was checked several times
by a reference adsorption experiment (Section 2.5). This is because
a tiny amount of calcite might easily go into solution and therefore
destroy the sensor surface. The reference experiment was per-
formed using 50 mM CaCl2 solution containing 0.15 wt% AAS, at
pH = 9.5 and room temperature. Only sensors showing repro-
ducible results were reused.

Next, we describe the adsorption experiments of PA. Also for
these experiments, the quality of the calcite sensor was first
checked as described above (Fig. 3c). The presence of a small
amount of PA (5–30 ppm) in the 50 mM CaCl2 solution at
pH = 9.5 showed, in contrast to the observed fast adsorption for
AAS, a slow and continuous mass increase during our observation
time of about 90 min. The adsorption rate of 5 ppm (0.63l M) PA
was around 0.2 Hz/min that was much slower in comparison with
the observed adsorption rate for AAS (15 Hz/min). The PA adsorp-
tion rate is therefore about 75 times slower in comparison with the
adsorption rate of AAS. After a period of 115 min the same amount
of adsorbed mass of PA is observed (23 Hz frequency shift) as com-
pared to amount of adsorbed mass of AAS after about 1 min (using
AAS concentrations >CMC). In contrast to AAS, this slow PA adsorp-
tion did not stop and continued for at least 300 min (Figure S4).
This continuous PA adsorption indicates the formation of adsorbed
multilayers, likely formed via calcium ions bridging between the
carboxylate groups of successive PA layers. The approximate mass
adsorbed after 300 min for PA is 25.5 mg/m2 that is six times more
than a bilayer from AAS adsorption. A small sharp frequency shift
(1–3 Hz) was also observed when salt solution was changed to
PA solution, and it might be attributed to small solution viscosity
differences. The solutions containing such low concentrations of
PA (5–30 ppm) and such high CaCl2 concentrations (50 mM) did
not show any visible precipitations during our experiments. It
was reported that for low PA concentrations, the introduction of
Ca2+ led to the formation of stable coiled configurations of PA
[55,56]. The observed slow adsorption rate of PA compared to
the fast adsorption observed for AAS is likely attributed to (1) the
higher MW of PA (8000 g/Mol) compared to AAS (700 g/Mol), mak-
ing diffusion through the stagnant layer a slower process; (2) the
differences in applied concentrations. AAS is applied at a concen-
tration below and above the CMC of 70 lM, and the PA concentra-
tions are in the range of 5–30 ppm (0.63–3.75 lM). These much
lower concentrations lead to a lower concentration gradient over
the stagnant layer, and therefore to a lower driving force; (3) the
possible complexation of PA with Ca2+ in the bulk phase would
reduce its adsorption on the solid-liquid interface; (4) the adsorp-
tion rate of PA might in addition be reduced by a coil-extended
conformational change upon binding [57–59].

Desorption of adsorbed PA to calcite surfaces was monitored by
leaving out only the amount of PA in the added solution after an
executed adsorption experiment. Only a small fraction (~20%) is
desorbed in this way after 30 min. Upon flushing next with only
Milli-Q water, desorption of the remaining PA is fast and also com-
plete. Both the absence of calcium ions and the increased pH of
Milli-Q (more negative surface charge of calcite) contribute to this
observation. The whole procedure of adsorption and desorption
was repeated and showed the same behavior. The complete
reversibility of the adsorption process shows the dynamic behavior
of the adsorbed PA multilayer. Applying a higher PA concentration,
in the range from 5 to 30 ppm, showed an increase in adsorption
rate, as expected (Fig. 3d). With the same time interval, the higher
adsorption rate also contributes to a larger amount of adsorbed PA.
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3.2. Effect of varying CaCl2 concentrations on AAS and PA adsorption at
high salinity conditions

Separate adsorption of AAS and PA to calcite sensor surfaces
was investigated at room temperature, pH = 9.5 and 500 mM NaCl,
to mimic HS conditions, with varying amounts of CaCl2 (0–
100 mM). The AAS concentration chosen was fixed to 0.15 wt%
(2.1 mM). The PA concentration chosen was 20 ppm, which was
similar to the concentration used for surfactant inhibition (vide
infra, Section 3.3). All solutions investigated were clear solutions
and no precipitation was observed during our experiments. The
results obtained are shown in Fig. 4. Under the applied conditions
and in the absence of added CaCl2, AAS does adsorb, as deduced
from the observed frequency shift of 22 Hz. Before, we have
observed a similar frequency shift at 50 mM CaCl2 and without
any NaCl present. Adding now 50 mM CaCl2 to the 500 mM NaCl
solution, the frequency shift increased to ~32 Hz. From these com-
parisons, it is concluded that the presence of NaCl contributes to an
increase of AAS binding. This likely happens via increased charge
screening, resulting in a reduced electrostatic repulsion and hence
increase binding.

To understand the interactions of AAS with the calcite surface
under the different ionic conditions just described, DFT calcula-
tions were performed (Section 2.6). The binding energies between
functional groups and calcite surfaces through a cation were calcu-
lated and the results are shown in Table 1. It was found that the
relative binding energy in the presence of Ca2+ was always larger
than in the presence of Na+. It was suggested that on the calcite
surface the binding sites for AAS surfactant was likely via calcium
cation bridging, which was consistent with our experimental
observations and previous findings [24,25,51]. The structures of
calcium ions connected to a monomer and dimer of sulfate showed
stronger binding to calcite surfaces compared to the structures
derived from propoxy or carboxylate.

We had also extended our adsorption experiments to the silica
surface in the presence of 500 mM NaCl and absence of CaCl2 [60]
The AAS surfactant adsorption was found to be negligible. Compar-
ison with the observed high affinity of AAS to calcite surfaces at
500 mM NaCl, brings us to the conclusion that in that situation cal-
cium ions near the calcite surface are not replaced by sodium ion,
and accessible calcium ion sites on the calcite surface play a dom-
inant role. The role of present sodium ion is therefore mainly to
adjust the ionic strength of the solution and to enhance the surface
charge screening.

Increasing the CaCl2 concentrations above 50 mM shows an
increased frequency shift indicating more AAS adsorption. At the
highest investigated CaCl2 concentration of 100 mM the frequency
shift amounts to be 120 Hz. This indicates a four-fold increase of
adsorbed mass. Since we have around 50 mM CaCl2 one bilayer
of AAS adsorbed, the current frequency shift suggests that now 4
bilayers may be adsorbed, assuming no corrugation of the surface.
The interaction between the first bilayer and the second bilayer
might be favored by calcium ion bridging between the opposing
sulfate head groups. This interpretation is similar to the interpreta-
tion given for multilayer formation of PA. That multilayer forma-
tion of PA is more pronounced compared to AAS, is likely due to
the cooperativity in PA multilayer formation where many nega-
tively charged carboxylate anions are connected via the polymer
backbone, which is absent in the singly negatively charged AAS
surfactant molecules. A more detailed real-time adsorption/des-
orption process of AAS with varying CaCl2 concentrations can be
seen in Figure S5. A two-step desorption was also observed: an ini-
tial desorption of weakly adsorbed AAS surfactants, followed by
the release of strongly bound AAS. In terms of previous study on
clay surfaces, [53] calcium ions were always needed for the adsorp-
tion of AAS. However, for the calcite surfaces, added calcium ions



Fig. 4. Observed maximal frequency shifts for the adsorption of 0.15 wt% AAS (a) and observed adsorption rates for 20 ppm PA (b) both as a function of a varying CaCl2
concentration (0–100 mM) in the presence of 500 mM NaCl. The unit conversion: 1 wt% = 10,000 ppm.

Table 1
The difference in binding energies (eV) between a monomer/dimer of model
molecules carrying a cation (Na+ or Ca2+) from the water phase to the calcite surface.a

Model molecule Na+ Ca2+

Sulfate_monomer �0.76 �1.80
Sulfate_dimer �0.83 �2.12
Propoxy_monomer �0.31 �1.74
Propoxy_dimer �0.41 �1.78
Carboxyl_monomer �0.78 �1.58
Carboxyl_dimer �0.65 �1.78

a The model molecules are chosen according to the presence of functional groups
in AAS surfactant and PA polyelectrolyte.
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were not necessary, because the calcite surface itself does supply
these ions.

Now we come to the PA adsorption (20 ppm applied concentra-
tion) to calcite at pH = 9.5 under 500 mM NaCl, mimicking HS con-
ditions, and varying CaCl2 concentrations. As before the PA
adsorption was a slow process in comparison with the AAS adsorp-
tion, and therefore also here the adsorption rates are presented.
These adsorption rates were deduced from the slopes of the
observed frequency shifts as a function of time. For all these exper-
iments we have applied a time window of 90 min. The data are
shown in Fig. 4b. For conditions of 10 and 20 mM Ca2+, the PA
adsorption was almost negligible and quite slow. Increasing the
CaCl2 concentration increases the rate of PA adsorption. For
instance, in the presence of 50 mM CaCl2 the PA adsorption rate
is found to be 0.2 Hz/min and the rate increases to 0.4 Hz/min at
100 mM CaCl2. More calcium ions in solution result in more cal-
cium ions at the interface, and therefore more binding sites. Also
for PA adsorption the process does not stop at a single polyelec-
trolyte adsorption, but continuous adsorption occurs (vide supra).
If we compare the adsorption rate of PA in the presence of
50 mM CaCl2 and 500 mM NaCl (0.2 Hz/min) with the adsorption
rate in the absence of NaCl (0.6 Hz/min) we see that high concen-
trations of NaCl slow down the adsorption rate. If only charge
screening plays a role, the reduced electrostatic repulsion would
lead to an expected increased adsorption rate. Since we observe
a decreased adsorption rate another effect is dominant. This is
most likely the replacement of calcium ion binding sites near the
interface by sodium ions, lacking any bridging properties (Table 1).
Thus the ratio of CaCl2 to NaCl concentration in the solution deter-
mines the number of calcium sites at the calcite surface, [58] which
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can act as a site for PA binding. The reduced adsorption rate of PA
can also be originated from a salting-in effect of NaCl, favoring the
PA solubility.

3.3. Effect of PA on AAS adsorption to calcite surfaces

We come now to the point of the effect of PA on the adsorption
of AAS. This is of importance since surfactant loss in enhanced oil
recovery processes is an essential issue. If it is possible to reduce
the amount of adsorbed (=lost) AAS by the addition of minor
amounts of PA, this could be of benefit to the process. Earlier, we
have seen the different adsorption behavior of AAS and PA. AAS
adsorbs to calcite surfaces in a fast way and stops adsorbing at a
bilayer coverage. In contrast, PA adsorption is a very slow process
and the adsorption continues to multilayer adsorption. Both
adsorptions are completely reversible upon changing the flushing
solution to Milli-Q water. To be able to observe any effect of PA
on AAS adsorption, it is important that the calcite surface is first
contacted with PA, and subsequently with AAS. That is because
PA adsorption is slow and has less cation bridging compared to
AAS adsorption (Table 1). Otherwise, AAS would adsorb immedi-
ately, and it would take a long time for PA to compete with AAS
adsorbed. This is indeed what is observed for co-injection of mixed
PA and AAS, and preflush with PA methods (Figure S6). If we flush
directly with a mixture of PA and AAS, PA had a negligible effect for
reducing AAS adsorption. (Figure S7) That PA adsorbs more strongly
compared to AAS is expected based on the cooperativity of a poly-
electrolyte binding (multiple anions in the same polymer chain) to
a surface compared to a surfactant (single anion per molecule; only
some cooperativities due to some alkyl chain-alkyl chain interac-
tion in the adsorbed state). This is also the reason why such a
low PA concentration is already effective compared to the CMC
of the used surfactant. We have therefore investigated the changes
in the frequency shift of calcite sensors at room temperature,
pH = 9.5, 500 mM NaCl (to mimic HS conditions), 50 mM CaCl2,
0.15 wt% AAS, after first flushing with varying PA concentrations
in the range of 0 to 40 ppm (=5 lM). The results are shown in Fig. 5.

In a typical experiment, the calcite sensor quality was first
checked as described in Section 3.1. We then repeated the experi-
ment of AAS adsorption in the absence of any PA. The adsorbed
amount reflected in the observed frequency shift of 32 Hz is as
observed before (Section 3.2). The AAS is desorbed by injecting
with Milli-Q water. The desorption occurs in a two-step way as dis-



Fig. 5. (a) Real-time frequency shifts for the adsorption of AAS in the absence and presence of 20 ppm PA. (b) Observed frequency shifts for the AAS adsorption with a varied
PA concentrations. All experiments were carried out with 0.15 wt% AAS and in the presence of 50 mM CaCl2 and 500 mM NaCl, at pH 9.5 and room temperature. The unit
conversion: 1 wt% = 10,000 ppm.
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cussed before. Next, the PA solution of a 20 ppm concentration is
applied during 90 min. Subsequently, the composition of the
flushing solution is changed to PA solution but now containing
0.15 wt% AAS. A fast frequency shift is observed. The value of that
shift is dependent on the amount of applied PA. We have varied the
PA concentration during a fixed time interval of 90 min. Since the
amount of PA adsorbed dictates the effect on AAS adsorption, you
also may apply the same PA concentration during a longer tine
interval, or to apply a higher concentration, during a shorter time
interval. In our case we have observed that the amount of AAS
adsorbed after preflushing with PA, decreases with the amount of
PA applied (Fig. 5b). It is seen that the more PA is applied in the
preflush, the less AAS is adsorbed. Clearly, the adsorbed PA to the
calcite surface does inhibit the AAS adsorption. Applying for
instance 30 ppm PA, does reduce the AAS adsorption from ~32 to
23 Hz and the maximal AAS adsorption reduction of about 30% is
obtained. However, looking into more detail learns that the
observed frequency shift was 15 Hz after flushing with 30 ppm
PA for 90 min. This leads to a reduction of AAS adsorbed as
expressed by a reduced frequency shift of 9 Hz. Therefore, the
required amount of PA in terms of mass is roughly estimated to
about 2 times higher than the amount of spared AAS. We also spec-
ulate that the reduction of AAS adsorption to the calcite surface
originates from calcite surface sites already covered by PA (charge
screening effect). The AAS still adsorbed to the PA covered calcite
surface could be due to still available calcite surface sites and/or
by AAS binding to top of the single PA layer via calcium ion
binding.
3.4. Low salinity effect

The LS water flooding for further EOR has been proven to be
useful, and triggers more oil released from reservoirs compared
to conventional flooding with seawater or formation water
[24,30,61]. Recently, a higher oil recovery was reported by apply-
ing a combination of surfactant and LS water injection method
when compared with applying only LS or only surfactant flooding
[28,29]. We described our results of the effect of PA (30 ppm) on
the amount of AAS adsorbed under LS conditions and compared
them with our results obtained for HS conditions (Section 3.3).
To obtain LS (3,180 ppm) water, we diluted our HS solution, con-
taining 50 mM CaCl2 with 500 mM NaCl (31,800 ppm), 10 times
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with Milli-Q water, which was similar to those reported previously
[24,53].

The different AAS adsorptions on calcite surfaces under LS and
HS in the presence and absence of PA are shown in Fig. 6. At LS con-
ditions, the observed adsorption rate for PA of 0.1 Hz/min was
much slower compared to the previously described adsorption rate
of ~0.2 Hz/min at HS conditions. It can be understood by the lower
calcium cation concentration in the LS solution for the PA binding.
A lower concentration gives less calcium binding sites at the sur-
face. Flushing next with a mixture of PA and AAS under these LS
conditions show that the amount of AAS adsorbed is less (15 Hz)
compared to the amount adsorbed under HS conditions (32 Hz).
Comparisons of these data with the adsorbed AAS in the absence
of PA under LS and HS conditions, show that the reduction of
AAS adsorption by the action of 30 ppm PA is 8% and 30% respec-
tively. The reduction of both PA and AAS adsorption is most likely
due to the lower calcium ion concentration under LS conditions. A
comparison of AAS adsorption reduction by PA is overall more
effective under HS conditions compared to LS conditions. In the
absence of PA, the reduction of AAS adsorption was ~50% in LS
compared to HS, which was found to be consistent with our previ-
ous results obtained for clay minerals [47]. We come now to the
general conclusion that AAS adsorption to calcite surfaces can be
reduced by switching from HS to LS conditions, or to preflush with
PA at HS conditions.
3.5. Different mineral surfaces

The potential of PA to reduce AAS adsorption to calcite surfaces
was also investigated on silica and alumina surfaces. We have cho-
sen here also the PA concentration of 30 ppm being effective for
calcite. After a PA preflush, the combination of PA and AAS were
flushed to two different, silica and alumina, sensor surfaces. They
showed a similar adsorption behavior as on the calcite surfaces.
The rate of PA adsorption to silica and to alumina are about 1
and 1.2 Hz/min, respectively, which were higher than on calcite
(0.2 Hz/min). PA reduced surfactant adsorption in an order of
alumina > calcite > silica, as is shown in Fig. 7. This observation
is consistent with the results from Hirasaki et al. [8,32], who
observed that the reduction of surfactant blends adsorption due
to the presence of PA was found to be larger for carbonate and clay
compared to sandstones. They claimed that the decrease in adsorp-



Fig. 6. (a) Real-time frequency shifts for the adsorption of 0.15 wt% AAS in the absence and presence of 30 ppm PA at LS conditions. (d) Reduction in AAS adsorption in LS and
HS. The unit conversion: 1 wt% = 10,000 ppm.
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tion of anionic surfactants was not merely because of PA chelating
divalent ions. This explanation was expected as the applied PA
concentration compared to the containing divalent ions was much
smaller, the chelating effect was not sufficient to explain the
decreased binding of surfactants. However, the underlying mecha-
nism for the reduction was still not clear on different mineral sur-
faces. As discussed above (Section 3.3), we proposed the charge
screening mechanism for the reduction of AAS surfactant on calcite
surfaces. It therefore makes sense to compare the adsorption capa-
bilities of PA and AAS on mineral surfaces. Alumina is a Lewis acid
and has strong interactions with Lewis bases, like PA and AAS. The
PA charge screening effect (most PA adsorption) on alumina can be
strongest, resulting in a lowest later AAS adsorption. But the situ-
ation on calcite and silica is different. In the presence of 50 mM
CaCl2, the maximal AAS adsorption on calcite is 23 Hz, while on sil-
ica is 30 Hz. It suggests that AAS has a higher affinity to silica than
to calcite, indicating more adsorption sites on silica surfaces. AAS
could still show a higher AAS adsorption on silica than on calcite
after PA preflush (less reduction in AAS adsorption on silica).
Therefore, it is more difficult to reduce AAS adsorption on silica
compared to calcite. In this picture, PA reduced surfactant adsorp-
tion would follow the order of alumina > calcite > silica.
Fig. 7. Reduction in 0.15 wt% AAS adsorption on calcite, silica and alumina surfaces
in HS condition and with the presence of 30 ppm PA, at pH 9.5 and room
temperature. The unit conversion: 1 wt% = 10,000 ppm.
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4. Conclusions

We have found that PA polyelectrolytes are able to act as sacri-
ficial agent to reduce the adsorption of the anionic surfactant AAS
to the mineral surfaces as deduced from QCM-D measurements,
which were performed for the first time. This technique is rela-
tively facile to screen different important experimental parameters
(like ionic compositions and surface properties) and allows to per-
form real-time analysis of the surfactant adsorption behavior. It is
also a good alternative to the traditional dynamic adsorption
experiments done with time-consuming core flooding tests [30].
Our results demonstrated that the adsorption of AAS surfactant
increased with increasing AAS concentration until a critical con-
centration, which can be described by the Langmuir isotherm.
Adsorption of PA was a much slower process compared to AAS
adsorption, and the process continued during our time of experi-
mentation (90 min). Therefore, we have monitored the adsorption
rates, instead of the amount adsorbed, as function of PA concentra-
tion. A higher PA concentration resulted in a higher adsorption
rate. Calcium ions played a dominant role in the adsorption pro-
cesses, where they acted as a bridging ion between the negatively
charged surface and the negatively charged AAS or negatively
charged PA. This interpretation was confirmed by DFT calculations.
A higher calcium ion concentration resulted in a higher amount of
adsorbed AAS and a higher rate of adsorption of PA. All adsorption
phenomena of AAS and PA were found to be reversible. Increasing
the NaCl concentration favored the AAS adsorption to calcite, likely
due to a reduction of charges.

Since PA adsorption is much slower than AAS adsorption, it is of
importance that, to be effective, the PA should be applied in a pre-
flush, rather than applied in combination with the AAS. In doing so,
the amount of AAS adsorbed can be reduced by 30% upon applying
30 ppm of PA. The PA from the preflush binds via also calcium ion
bridging to the surface and lowers the overall number of binding
sites for AAS adsorption. Changing the conditions from HS to LS,
showed that the amount of AAS and PA adsorbed were lower,
and that also that the reduction of AAS adsorption was lowered
to 8%. In the absence of PA changing from HS to LS conditions
already reduced the amount of AAS adsorbed by 50%. Addition of
PA was relatively more beneficial for the HS conditions relative
to the LS conditions. To further evaluate the potential of PA on dif-
ferent mineral surfaces, our results showed that PA reduced the
adsorption of anionic surfactant on silica and alumina minerals
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as well as calcite, yet it was not as effective in the case of silica as it
was for calcite and alumina. It is expected that optimizing the sur-
factant injection conditions based on obtained results will mini-
mize surfactant adsorption with reduced surfactant loss and thus
contribute to develop more efficient flooding strategies in oil
recovery.
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