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ABSTRACT

Adsorption behavior of surfactants to rock surfaces is an important issue in oil recovery, especially in the process
of surfactant flooding. The surfactant loss through adsorption to rock surfaces makes such process economically
less feasible. Here, we investigated the adsorption behavior of anionic surfactants (alcohol alkoxy sulfate, AAS)
onto silica with quartz crystal microbalance with dissipation monitoring. The results demonstrated that the
surfactant adsorption followed the Langmuir adsorption isotherm. Up to solution pH 10, surfactant adsorption
slightly increased with increasing pH. The higher pH leads to more anionic surface sites for binding with an
anionic surfactant with the help of a calcium cation bridging. The amount of anionic surfactant binding also
increases with increasing calcium ion concentration up to 50 mM. It was found that sodium ions were able to
exchange calcium ions near the silica surface, which would reduce the affinity for surfactant adsorption. The
effect of the polyanion polystyrene sulfonate (PSS) on the anionic AAS adsorption was investigated to learn the
possible competitive adsorptions. Indeed, this was found. Upon addition of 50 ppm PSS to a 0.05 wt% AAS
containing solution, the adsorption of AAS was reduced by about 85 %. The obtained results show the interplay
of different interacting species affecting the overall degree of anionic surfactant adsorption to silica surfaces.
Optimal tuning of the process conditions according to these results will contribute to a more efficient use of
anionic surfactants in enhanced oil recovery.
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1. Introduction

With the increase of oil production demand, surfactant flooding as
part of enhanced oil recovery (EOR) is receiving substantial attention
[1-3], and has been used to trigger residual oil release and to acquire
higher recoveries from reservoir rocks. The injected batches of surfac-
tant solutions contribute to the reduction of the oil-water interfacial
tension, to alter the wettability, and for foam generation [4-8]. The
main problem that often makes the surfactant flooding process in-
efficient and economically less feasible is surfactant losses because of
their adsorption to the reservoir rocks [9,10]. Among various surfactant
based EOR methods, a low adsorption is a significant requirement to
achieve effective transportation of surfactants into the mineral ma-
trixes. To minimize surfactant adsorption, it is necessary to well un-
derstand the adsorption behavior of surfactants.

In surfactant-water-rock systems, the adsorption process of surfac-
tants mainly contains four steps [11-13]. The first step is surfactant
adsorption through electrostatic interactions between hydrophilic head
groups of surfactants and the charged sites of rock surfaces. The second
step involves the interaction of hydrophobic parts of ongoing surfac-
tants in solution with previously adsorbed surfactants, leading to sur-
face aggregates such as hemi-micelles. In the third step adsorption takes
place because of hydrophobic interactions with a reduced rate. Above
the critical micelle concentration (CMC), the surfactant monomer
concentration is more or less constant, and any increase of surfactant
concentration only contributes to more micelles, which does no change
the maximum adsorption in the final step [13]. The amount of surfac-
tant adsorption relies on the chemistry of the rock (i.e., its chemical
compositions and surface charges), the kinds of surfactants, and water
chemistry (i.e., salinity, present ions, solution pH) [6,7,13-16]. Several
research covering various aspects of the adsorption process have been
studied, including the adsorption kinetic behavior [8], adsorption iso-
therm [14], adsorption mechanism [13], and the structure of the ad-
sorbed surfactant layer [11,17,18]. So far, no systematic study has
appeared to explore the effect of various cations and polyelectrolytes on
the surfactant adsorption.

The charge of a mineral surface can be positive or negative by the
dissociation behavior of the mineral constituents or by the adsorption of
ions from the aqueous medium. It is well known that near neutral pH
silica surfaces are negatively charged, while carbonate surfaces are
positively charged surfaces [1,19]. Cationic surfactants prefer to adsorb
on negatively charged surfaces, and anionic surfactants are attracted to
positively charged surfaces. Adjustments of the solution pH can influ-
ence the surface charge, and thereby alter the amount of adsorbed
surfactants. It was revealed that the adsorption of anionic surfactants to
silica surfaces was largely reduced, when solution pH went up to 11
[20]. Often, anionic surfactants are used widely in sandstone reservoirs
due to the fact of less adsorption in comparison to nonionic, cationic
and zwitter-ionic surfactants [21]. The adsorption behavior of sodium
dodecyl benzene sulfonate onto kaolinite showed that it was better
fitted with the Langmuir model than the Freundlich model [14]. This
result was consistent with Achinta et al. [22], who pointed out that the
Langmuir isotherm suited the equilibrium adsorption of surfactants to
the sandstone surface.

The ionic composition of the injected solution has been found to
play an important part in the surfactant adsorption to the rock surfaces
and therefore contributed to their losses in the reservoirs [23-25]. The
divalent cations like Ca®>™ can result in a substantial increase of anionic
surfactants adsorption to negatively charged surfaces; on the other
hand, their presence does decrease the amount of cationic surfactant
adsorption [7,25,26]. On silica surfaces the amount of adsorbed sodium
dodecyl sulfate doubles if the present sodium ions are replaced by
calcium ions [27]. This implies that divalent cations have a stronger
charge screening than monovalent cations. In addition, the divalent
cations are able to form a bridge between the anionic surfactant and the
negatively charged surface, favoring the adsorption. The anionic
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surfactants adsorption generally increased with the salinity and diva-
lent cation concentration in solutions [28,29].

In order to reduce anionic surfactant adsorption to the reservoir
rocks, alkali (sodium carbonate) has been used as a sacrificial agent [4].
The addition of alkali was not only to increase the solution pH, but also
to make a more negatively charged surface, which resulted in a sig-
nificant decrease of anionic surfactant adsorption to the mineral sur-
faces owing to electrostatic repulsions [28]. In mixtures of anionic
polyelectrolytes and anionic surfactants, the overall adsorption is a
competitive process. If adsorption of a polyelectrolyte (a sacrificial
agent) is favored, a relatively low adsorption of surfactants is expected.
Under certain conditions, sodium polyacrylate adsorbed strongly and
therefore inhibited the adsorption of anionic surfactants [30]. Lig-
nosulfonate polymers have been applied in the surfactant flooding as a
cost-effective preflush chemical to lower the surfactant loss by ad-
sorption to rock surfaces [31]. Addition of another anionic polyelec-
trolyte, polystyrene sulfonate (PSS), was found to prevent adsorption of
anionic surfactants from highly saline brine solutions [29,32]. Hence-
forth, to mitigate surfactant adsorption is a challenging task and it is
important to understand surfactant adsorption behavior in the presence
of sacrificial agents.

Considering the above-mentioned issues, the dynamic adsorption
behavior of an anionic alcohol alkoxy sulfate (AAS) surfactant to a silica
surface was investigated at varying pH, calcium ion, sodium ion, AAS
and PSS concentrations using a Quartz Crystal Microbalance with
Dissipation monitoring (QCM-D). This fundamental study provides a
relatively rapid methodology of investigating a range of important
parameters for surfactant adsorption to rock surfaces, compared to
traditional liquid chromatography [6,29], calorimetric methods [30],
and core flooding measurements [33]. The purpose of this work is (i) to
systematically explore the processes that dominate the adsorption be-
havior of AAS surfactant with varying pH, salt concentrations, and
mixed solutions containing both calcium and sodium ions, (ii) to obtain
an improved understanding of the adsorption mechanism of AAS sur-
factant and PSS polyelectrolyte, and (iii) to gain insights into the in-
fluence of PSS on the adsorption behavior of AAS, which contributes to
reduce surfactant losses in EOR by adsorption.

2. Experimental methods
2.1. Materials and solutions

The anionic AAS surfactant with a molecular weight (MW) of 700 g/
mol was provided by Shell Global Solutions. This surfactant contained
mainly C;,/C;3 alkyl tails and 7 propoxy units in the middle associated
with a sulfate head group. Such a surfactant is commonly used in EOR,
which had an excellent divalent cation tolerance without precipitations
in a higher concentrations and was cheaper in comparison to other EOR
surfactants [34]. Poly(sodium 4-styrenesulfonate) (PSS, MW = 70,000
g/mol) is an anionic polyelectrolyte and was purchased from Sigma-
Aldrich. Each PSS chain has ~ 340 monomeric units carrying an anionic
sulfonate group. The molecular structures of AAS and PSS are displayed
in Fig. la, and the compounds were used as collected without any
treatment. The salt solutions were made by mixing the reagent-grade
salts (NaCl, MgCl,, and CaCl,, with purity grades of > 97.0 % from
Sigma-Aldrich) with ultrapure deionized water (resistivity of > 18.2
MQ cm, Milli-Q). The surfactant solution was prepared by adding a
certain amount of surfactants into prepared salt solutions, then was
shaken using a vortex shaker (Scientific Industries, Vortex-Genie 2) for
30 min at intensity 5. After that, well dispersed and stable solutions
were obtained. A Metrohm 827 pH meter was used to monitor the so-
lution pH, which was regulated by using drops of 0.2 M HCl and 0.2 M
NaOH.
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Fig. 1. (a) The molecular structures of AAS surfactant and PSS polyelectrolyte. (b) Schematic diagram of a typical adsorption experiment, where the frequency shift is

monotonically related to the mass adsorbed to the silica coated sensor surface.

2.2. Silica sensors

The silica (QSX 303, Q-sense) standard coated sensors were pur-
chased from Biolin Scientific. Typically silica is considered as re-
presentative of sandstone rocks, and these rocks contains impurities of
clay and alumina. We have investigated surfactant adsorption on clay
minerals [10], therefore, this study focused on the silica surfaces and a
more complex surface can be in the further research. The silica sensor
has an AT-cut quartz crystal disk with a diameter of 14 mm and the
fundamental resonance frequency (f;) of the silica crystal is 5 MHz. To
eliminate any surface contaminations, the silica sensors were rinsed
sequentially with Milli-Q water, ethanol, and iso-propanol, overall three
times prior to each measurement. Successively, it was mildly dried in a
stream of clean nitrogen gas. Then, the dried sensor was air plasma
cleaned at 1000 mTorr (Harrick Plasma Cleaner, 110 V) with a mod-
erate intensity for 5 min. Finally, the clean sensor was instantly put into
the flow modules at the desired position. The sensors can be reused for a
few times that depended on the reproducibility of signals in the mea-
surement. To reduce signal drifts, each sensor was used no more than
five times.

2.3. Surface characterizations and surface tensions

The silica surface was scanned in tapping mode using Atomic Force
Microscopy (AFM, NT-MDT), with a silicon tip (NSG03, NT-MDT) that
had a nominal radius of 7 nm and a nominal spring constant of 0.4-2.7
N/m. Topography images were obtained over a 5 X 5 um? area with
512 x 512 data points, at a scan rate of 1 Hz. As shown in Fig. S1, the
silica surface is very smooth, with a root mean square height of 1.5 nm.
We used the Wilhelmy plate method to measure the relation between
surface tension and AAS surfactant monomer concentration. A thin
platinum plate was cleaned thoroughly in a gas burner flame. The
variation of surface tension for an aqueous AAS surfactant solution as a
function of the surfactant concentration on a logarithmic scale is given
in Fig. S2. The CMC of AAS is ~0.005 wt% (0.07 mM) in 50 mM CacCl,
and pH 9.5.

2.4. QCM-D principles

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D)
has been applied broadly in the study of the adsorption behavior of
organic molecules onto rock surfaces with the nanogram sensitivity
[19,25]. A QCM-D (E1, Q-sense) was used to explore the adsorption
behavior of AAS surfactant to silica surfaces. It can simultaneously
monitor the changes of the resonant frequency and dissipation of the
silica sensors. When an alternating voltage is implemented to the
electrodes, the shear stress is produced, which induces an oscillation of
the silica crystal at its fundamental resonance frequency (f,). The in-
creased mass (Am) bound to the crystal surface would result in a

negative frequency shift (Af). The Sauerbrey equation showed a linear
relationship between Af and Am, expressed as [35]:

2nf? Am
N
eV c ®

nAm

where n is the overtone number (1, 3, 5, etc.), C is the sensitivity
constant of the quartz crystal sensor (equals 0.177 mg m ™2 Hz 1), oy is
the specific density (2650 kg/m®), and v, is the shear wave velocity
(3340 m/s). When the adsorbed material is thin, rigid, uniformly dis-
tributed, and does not slip at the rock-water interface, the Sauerbrey
equation is valid [36]. This may well be the case for small surfactant
molecules, but can be violated by higher MW polymers. The Newtonian
fluids flow through the oscillating crystal, the frequency shift due to the
viscosity and density effect of the solution (liquid loading) was esti-
mated as follows [37].

73 zflAS
Afliquidluading =~ \/; pO (\/Phul - \/Pzﬂz)

7V 2
where subscripts 1 and 2 refer to the solution of diff ;erent viscosities
and densities, respectively. The viscosity and density of salt solutions
were assumed similar to the salt solutions with only a tiny amount of
surfactant addition (~0.15 wt%, 2.1 mM). Therefore, the liquid loading
effect assumed to be the same for salt and surfactant solutions. In this
picture, the amount of adsorbed surfactants was calculated from the
frequency difference between salt and surfactant solutions, i.e.,
Af, 4 (surfactants) = Afsmfammmm — Afyus» as shown in Fig. 1b. The
average values of the QCM-D data were taken and presented for the
calculations in the present study.

2.5. QCM-D experimental procedures

Before each experiment, the flow modules and connecting tubes of
QCM-D also need cleaning, by following the same process as used for
rinsing the silica sensor but without a plasma treatment. At a constant
flow rate of 200 puL/min, Milli-Q water was firstly injected into the flow
modules using a peristaltic pump (ISMATEC, ISM935C). At the same
time, the QCM-D recorded the resonant frequency and dissipation of
different overtones of crystals. It was found that the fifth harmonic of
the fundamental resonance frequency revealed a better signal-to-noise
ratio, which was therefore chosen for our measurements. When a stable
and repeatable reference signal was obtained, the silica sensor surface
was subsequently contacted with a salt solution, followed by continuing
injection of the surfactant solution. The solution composition was re-
turned to Milli-Q or salt solutions to remove the previously adsorbed
surfactants. The measurements were repeated 2-4 times for each so-
lution to guarantee the accuracy and reliability of the obtained data. At
the end of each experiment, Milli-Q water was flushed with a constant
flow rate of 200 pL/min during 45 min to rinse the entire system.
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2.6. Adsorption isotherms

The adsorption isotherms describe the surfactant losses due to ad-
sorption to the rock surfaces. It can be achieved by plotting the amount
of adsorbed surfactant as a function of the equilibrium surfactant con-
centration at a specific temperature [12,14,22]. The two most common
adsorption models used are the Langmuir and Freundlich models. The
Langmuir type isotherm is expressed as follows:

_ LK C
1+ K. C 3

where K;, C, I', and I}y, are the Langmuir equilibrium constant, the
equilibrium surfactant concentration, the adsorbed amount, and the
maximum amount of surfactant adsorption, respectively. The validity of
the Langmuir isotherm depends on the assumption that monolayer
adsorption occurs on a homogeneous surface, with no interactions
among adsorbing/desorbing surfactants [13]. The Langmuir equation
can be arranged into a linearized form:

11 1 1
C FmaxKL (4)

I' Do

From the plot, it is easy to calculate the K; and I, from the slope
and intercept. Another important term of the Langmuir model that re-
presents the compatibility of adsorption is the non-dimensional con-
stant R;, which is expressed as R; = 1/(1 + K;Cyp). Here, C, is the initial
adsorbate concentration in the aqueous solution. The lower R; value
reflects that adsorption is more favorable. The Ry, is always smaller than
or equal to unity then the equilibrium lies at the adsorbed species and
thus the adsorption is favorable [12,38,39].

The Freundlich model describes that the adsorption I" is propor-
tional to the solute concentration C to the power 1/n, where n is a
heterogeneity factor:

I'=KpCl/n 5)

where K is the Freundlich constant. It is assumed in the Freundlich
model that the surface is inhomogeneous with diverse types of ad-
sorption sites. This model does not require the adsorption to be a
monolayer but also enables multilayers [14]. By taking the logarithm of
I' and plotted versus log(C), the slope of the straight line equals 1/n
and the intercept equals to log(Kr). The value of 1/n is always less than
or equal to 1, indicating adsorption intensity of the system. When
0.1 <1/n < 0.5, adsorption is thermodynamically favorable; for
0.5 < 1/n < 1, adsorption is still possible [22,40]. In the present study,
the adsorption behavior of surfactants and polyelectrolytes are ana-
lyzed using these two models, to find which model offers the best
correlation with our experimental data. The QCM-D is also an inter-
esting technique compared to traditional static measurements for ad-
sorption isotherms.

3. Results and discussions
3.1. Adsorption isotherms of AAS

It is of importance to determine the amount of AAS surfactant ad-
sorption to silica surfaces to understand this route of surfactant loss.
Under the solution conditions of 50 mM CaCl,, pH = 9.5 and ambient
temperature, the frequency shift of the QCM-D was monitored as a
function of varying AAS concentrations (Fig. 2a). The results are plotted
as the maximum amount of AAS adsorption (in frequency shift num-
bers) as function of AAS concentration (Fig. 2b). With increasing AAS
concentration, a bigger frequency shift was observed, which was ex-
plained by an increased AAS adsorption. The amount of AAS adsorbed
arrives at saturation around ~0.05 wt% (= 0.7 mM), which is about
ten times above the CMC ~0.005 wt% (= 0.07 mM). That the AAS
adsorption to the silica surface under these conditions does not stop at
arriving the CMC suggests that the affinity of AAS monomers to adsorb
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to the surface is similar (slightly higher) to the affinity towards the
micelles. The most probable reason for the increasing adsorption above
the CMC is the presence of various species in the used surfactant of
technical quality. Adsorption stops as the surface is occupied. The
equilibrium time is fast and around 1 min. From the observed maximal
frequency shift of 30 Hz, it can be easily calculated that the mass in-
crease equals 5.3 mg/m?, by using the sensitivity constant of 0.177 mg/
m? ¢ Hz. Using the MW (AAS) =700 g/mol, this mass increase corre-
sponds to 7.6 X 10~° mol/m? = 4.6 molecules/nm?. Using a cross-
sectional area of 0.3 nm? per AAS molecule, shows that on 1 nm? area
maximal 3 AAS molecules will fit. Experimentally we have found a
number of 4.6 molecules/nm?. This brings us to the conclusion that it is
very likely that in our case a bilayer of AAS molecules has formed at the
fully occupied silica surface.

The adsorption data could be very well interpreted by the Langmuir
model using eq. 3, as is shown in Fig. 2b, from which are deduced I';;,ax
= -30.2 + 1.3 Hz and K, = 100 = 21 L/mol * Hz. The regression
coefficient (R?) was found to be greater than 0.96, indicating good
correlation with the Langmuir equation. The calculated Ry, value for an
initial surfactant concentration of 0.05 and 0.1 wt% were estimated to
be 0.17 and 0.09, respectively, which indicates that adsorption was not
very strong, but still thermodynamically favorable. This finding is in
line with our interpretation that above CMC AAS adsorption to the si-
lica surface continues (vide supra). There was a kink at a concentration
of 0.1 wt %, which was typical for collective effects in adsorption when
there were attractions between the adsorbed molecules. In such sys-
tems, at a given surface coverage, the adsorbed molecules attract ad-
ditional molecules and surface phase transition could occur, leading in
a step-wise jump to condensed adsorption layers. Another explanation
is related to the hydrophobic interactions between the hydrophobic
tails of the first surfactant adsorption layer and ongoing surfactants to
form the second adsorption layer. This is not compatible with the
Langmuir adsorption isotherm which assumes negligible interaction
between the adsorbed molecules, but actually shows a good fitting to
the experimental results. Because the mutual compensation of several
factors affect the shape of the Langmuir adsorption isotherm, such as
adsorption of micellizations, different surface potentials, heterogeneity
of rock surfaces, lateral interaction of surfactants. It is also found that
the adsorption isotherms for Ca>* and Mg®* resemble in Fig. S3 be-
cause they may have similar cation bridging ability for surfactant ad-
sorption.

3.2. Effect of pH on the AAS adsorption

We have investigated the adsorption of AAS, applied at a fixed
concentration of 0.15 wt% (= 2.1 mM, which is above its CMC of 0.005
wt% = 0.07 mM) to silica surfaces in the presence of 50 mM CaCl, at
successively pH = 9.5, 8, 7, 6, 10 and 11. The chosen AAS con-
centration is often applied in EOR using this surfactant, and a pH = 9.5
resembles practical conditions. By reducing the pH, ie. reducing the
alkalinity of the solution, we were interested to see any effect on AAS
adsorption. Increasing the pH at a later stage to 10 and 11 was to see if
there is any reversibility in the adsorption behavior. In all cases 50 mM
CaCl, was present. That is needed because calcium ions serve as bridges
between the negatively charged silica surfaces and the negatively
charged sulfate group of AAS. The results obtained are shown in Fig. 3a.
Indeed, we observed, as described before, at pH = 9.5 a fast mass in-
crease (adsorption) upon addition of 0.15 wt% AAS, and upon sub-
sequent flushing in the absence of AAS, a slower mass decrease (deso-
rption). Decreasing the pH to 8, 7 and 6 successively, showed a small
decrease in the amount of AAS adsorption. Since the injected AAS
concentration was always well above the CMC, effects of changes of
AAS monomer concentration was excluded. Since the CaCl, con-
centration was also kept constant, this indicated that the reduced
amount of AAS adsorbed was likely because of the lower negative silica
surface charge density at lower pH. This assumption was consistent
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Fig. 2. (a) Real-time observed frequency shifts for the dynamic adsorption of AAS with varying concentrations, at 50 mM CaCl,, pH 9.5 and ambient temperature.
Parts of adsorption data were shown with some AAS concentrations. (b) The obtained data were plotted and fitted to the Langmuir adsorption model.

with previous observations [22,41-43]. Next, the applied AAS solution
was set to a pH = 10, and the total amount of AAS adsorbed was
slightly above the amount observed before at pH = 9.5. Further in-
crease to pH = 11 did not increase the amount of adsorbed AAS. We
have to realize here that at such a pH value the silica itself might go into
solution. However, in the time framework of our experiments (20 —30
min) we have not observed this. It is well possible that the formed AAS
bilayer on the silica surface might hinder such an dissolution process.
Overall, we have observed that the amount of adsorbed AAS to the si-
lica surface responds reversibly to the external pH of the solution.

For all investigated solutions we have determined the rate of mass
increase (adsorption) and mass decrease (desorption) as the time
needed to from 10 to 90 % of complete adsorption and vice versa.
Desorption was initiated by removing the AAS from the flushing solu-
tion. All other conditions were kept constant. The determined rates
were obtained from the real time frequency shift data (Fig. 3a) and
plotted as a function of pH (Fig. 3b). Adsorption was found always a
much faster process (typically 21 = 12 s) than desorption (typically
241 =+ 33 s), showing the overall preferential binding of AAS to the
silica surface. Increasing the pH showed a trend of a faster desorption,
which became faster above pH > 9.5. This faster process might point to
some dissolution of the silica in the high alkaline solution. Such a
possible dissolution of the silica could not concluded from the earlier
describes mass increase at these pH values (vide supra). Looking into
more detail to the desorption process (Fig. S4), we observed first a fast
mass decrease followed by a slower and more gradual decrease towards
the final baseline. In the fast process about 30 % of the adsorbed mass
was desorbed. The fast process was attributed to the desorption of the
more weakly bound AAS surfactant molecules at the interface with the

(@)

solution, while the slow process was most likely attributed to the des-
orption of the AAS surfactant molecules connected via calcium ion
bridge to the silica surface. In the absence of Ca*”, slight surfactant
adsorption was observed with varying pH (Fig. S5). This confirmed that
the presence of Ca®>* promoted AAS adsorption, and that at higher pH
even more AAS is adsorbed, i.e. the more negative charged silica sur-
faces offers more sites for Ca®>* bridging.

3.3. Varying the calcium ion concentration

We have investigated the AAS adsorption to the silica modified
QCM-D sensor at pH = 9.5 and ambient temperature with variable
amounts of CaCl, in the range of 0.5—100 mM. The amount of AAS was
fixed at 0.15 wt % (2.1 mM), which is well above the CMC of ~0.005
wt% (0.07 mM). We want to investigate here in which calcium ion
concentration range the adsorption of AAS is affected. The results are
given in Fig. 4. In the absence of calcium ions the AAS adsorption is
very minor (about 2 Hz shift). Already the addition of small amounts of
calcium ions induces a large frequency shift. A frequency shift of 15 Hz,
i.e. half of saturation, was observed in the presence of 4 mM calcium
ions. Further increase of the calcium ion concentration presents a fur-
ther increase in frequency shifts (adsorbed mass increase). Above cal-
cium ion concentrations of 50 mM, hardly any further shift is observed.

In Section 3.1 we have shown that a frequency shift of 30 Hz is most
likely attributed to a bilayer of AAS surfactants adsorbed to the silica
surface. It is now reasoned that a shift of 15 Hz can be attributed to a
monolayer of AAS surfactants bound via calcium ion bridging to the
silica surface. Thus already at very low calcium ion concentration of 4
mM, such a coverage occurs. In such a monolayer covered silica surface

(b)
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Fig. 3. (a) Real-time experimental data of frequency shifts for the AAS surfactant adsorption in 50 mM CaCl, solution, at varying pH from 6 to 11. (b) The time for
complete adsorption and desorption from 10 to 90 % of AAS surfactant at different solution pH.
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Fig. 4. Observed frequency shifts as a function of varying CaCl, concentrations
(0.5-100 mM) with 0.15 wt% AAS, at pH 9.5 and ambient temperature. The
inset is the magnification at the concentration range of 0-12 mM.

the surfactant hydrocarbon tails point towards the aqueous solution.
This gives rise to an energetically unfavorable hydrocarbon-water in-
teraction, which can be overcome by the formation of a bilayer. In the
second layer, the hydrocarbon tails point to each other and the sulfate
head group of the second layer points towards the aqueous solution. A
possible intermediate state of bilayer ribbons or disks could be formed
before the complete bilayer formation in which surface aggregates. The
presence of a further increasing amount of calcium ions (> 4 mM) will
contribute to a reduction of electrostatic repulsions between these
sulfate head groups, and therefore to a stabilization of the final bilayer
structure. The formation of the bilayer is how we like to interpret the
frequency shift from 15 to 30 Hz upon increasing the calcium ion
concentration from 4 mM to 50 mM. To obtain a detailed investigation
of structural evolution, a future research with atomic force microscopy
could be helpful by measuring the adsorbed layer thickness [44,45].

3.4. Mixed solutions containing both calcium and sodium ions

We have now investigated the effect of mixed NaCl and CaCl, so-
lutions, on the AAS adsorption to silica surfaces, to see if there is any
competing effect between these two ions. Firstly, we have investigated
solutions containing a fixed amount of CaCl, = 50 mM and varied the
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NaCl between 1—500 mM, to see any replacement of calcium ions by
sodium ions. The observed real time frequency shifts are shown in
Fig. 5a and the observed maximal shifts are plotted against the con-
centration ratio of [Na*1/[Ca%®*] in Fig. 5b. For low NaCl concentra-
tions, up to 10 mM, there was a slight change observed in the frequency
shift. At 50 mM of NaCl the frequency shift was reduced by ca 30 %,
indicating that less AAS was adsorbed, and this effect became more
pronounced at 100 mM of NaCl. Here, the reduction was ca 50 %. Thus
100 mM of NaCl in the presence of 50 mM CaCl, was able to replace
about half of the surface bound calcium ions, as deduced from the 50 %
reduction of AAS binding. For 500 mM of NaCl no frequency shift was
observed, and therefore all the calcium ions near the surface was ex-
changed by sodium ions, thus AAS adsorption is no longer possible.

The process of AAS adsorption is fast with the presence of 50 mM
CaCl, and NaCl concentrations below 10 mM, and the corresponding
process of desorption is slow. This is in contrast to what is observed at
higher NaCl concentrations. Adsorption becomes now a slow process,
and desorption is a relatively faster process (Fig. 5a). This clearly in-
dicates the reduced affinity for AAS binding in high NaCl solutions as a
consequence of the displacement of the calcium ions by sodium ions. It
can also be reasoned that at higher overall salt concentrations, the
electrical double layer at the silica interface is more screened, leading
to less electrostatic repulsions, and therefore more binding. Since in the
overall process binding is reduced, it is concluded that screening is of
minor importance in this situation. The observed effect that sodium
ions are able to exchange calcium ions near the silica surface (as re-
flected by the reduced AAS adsorption) is different from our earlier
results on calcite surfaces [25]. In that situation with the presence of 50
mM CaCl, and increasing NaCl concentration from 1 to 500 mM, no
change in adsorption was observed. It is concluded that for calcite the
surface calcium ions are much stronger bound compared to the silica
calcium binding, and therefore sodium ions are not able to replace the
calcium ions from the surface.

Secondly, we have kept the NaCl concentration fixed at 100 mM and
varied the CaCl, concentration between 1 —500 mM, to compare with
the results in the absence of NaCl (Fig. 3). The observed frequency shifts
are shown in Fig. S6. It could be found that a higher CaCl, concentra-
tion is now needed to induce AAS adsorption. NaCl has a positive effect
on the reduction of AAS binding in the presence of calcium ions. It was
also interesting to observe the mirrored effect of Ca>* to Na* con-
centration, which showed the different role of the mono- and divalent
ions and their contrasting effect on the adsorption behavior. Although
Na™ is an indifferent ion without the capability of ion bridging [46],
the role of calcium ions is reduced at higher salt (NaCl) concentrations,

(b) 3
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0/50 1/50 10/50 50/50 100/50 300/50 S500/50

Nat/C az+ ratio

Fig. 5. (a) Real-time observed frequency shift of the QCM-D resonator upon AAS surfactant adsorption (0.15 wt%) to the silica surface with variable NaCl con-
centrations and a constant CaCl, concentration of 50 mM at pH = 9.5 and ambient temperature. (b) The observed maximal shifts are plotted against the con-

centration ratio of [Na™]/[Ca®*].
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Fig. 6. (a) Real-time observed frequency shifts for the dynamic adsorption of PSS with varying concentrations, in the presence of 50 mM CaCl,, at pH 9.5 and ambient
temperature. Parts of adsorption data were shown with some PSS concentrations. (b) The obtained data were plotted and fitted to the linearized Freundlich model.
Arrows imply the times of addition of the corresponding PSS solution (red), the injection of salt solution (black), and the full removal of surfactant by flushing Milli-Q
(green) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

at least for silica surfaces. Decrease in the divalent cations and the in-
crease of Na™ are beneficial to the less surfactant adsorption and the
concentration ratio of [Ca®*]/[Na*] is also worth taking into account.

3.5. The effect of PSS addition on the AAS adsorption

Before we investigated the effect of poly(sodium 4-styrenesulfonate)
(PSS) on the adsorption of AAS to silica surfaces, we have studied the
PSS adsorption in the absence of AAS. Under the conditions of pH = 9.5
and 50 mM CaCl, and room temperature we have investigated the
frequency shifts upon increasing the PSS concentration from 2 to 200
ppm (Fig. 6). Under these conditions we have not observed any pre-
cipitation, indicating that the solution is stable. In the absence of CaCl,,
no PSS adsorption was seen. In the presence of CaCl, adsorption starts
already at very low PSS concentrations (2 ppm), indicating a high af-
finity towards surface binding. The adsorption is a relative slow process
compared to the adsorption rate observed for AAS. This reflects the
higher molar mass of the PSS and its concomitant slower diffusion to
the surface. Increasing the PSS concentration shows an increase of ad-
sorbed amount. The adsorption isotherm could not be fitted to the
Langmuir model. This indicates that the adsorption of PSS to the surface
is dependent on what is already adsorbed. This is different to our ob-
servation for the AAS adsorption. The PSS adsorption could be fitted to
the Freundlich model with an excellent linear fit of R > 0.98 (Fig. 6b),
which in a good agreement with a previous study [47]. From the slope
the value of 1/n = 0.18 = 0.01 and the Freundlich constant of Kz =
10.7 = 1 were obtained, indicating adsorption is thermodynamically
favorable. The adsorption is reversible and the desorption shows to be a
two-step process. Flushing with a solution of pH = 9.5 and 50 mM
CaCl, and without PSS showed that the adsorbed amount decreased in
part and depended on the total amount adsorbed (Fig. 6a). Complete
desorption was achieved by flushing with Milli-Q water because there
will be no calcium cation bridging for the binding of PSS.

We come now to the results of our measurements in which we have
investigated the effect of PSS on the AAS adsorption. All experiments
were still done at 50 mM CaCl,, pH = 9.5 and at ambient temperature.
We have applied a solution containing 0.05 wt% AAS and 50 ppm PSS
and compared the results with separate measurements on both 0.05 wt
% AAS and 50 ppm PSS (Fig. 7a). From the separate experiments it is
again clearly seen the fast adsorption and complete desorption of AAS
by flushing with a solution of pH = 9.5 and containing 50 mM CaCl,,
while for the PSS situation adsorption is slow and desorption in-
complete. Only flushing with Milli-Q water gives complete desorption.

With this in mind, we can interpret the results obtained in the mixed
experiment. Adsorption is clearly dominated by the PSS. The desorption
observed in the mixed experiment shows that flushing with a solution of
pH = 9.5 and 50 mM CaCl, the remaining amount of adsorbed mass is
lower compared to the amount remained for the separate PSS experi-
ment. We interpret this difference as the amount of adsorbed AAS in
this situation. This amount is less compared to the amount of AAS ad-
sorbed in the absence of PSS. The difference of less adsorbed AAS in the
mixed experiment is the result of the presence of PSS. From the dif-
ferent frequency shifts we have estimated that about 85 % of AAS is less
adsorbed due to the presence of 50 ppm PSS. Thus PSS is able to reduce
the amount of AAS binding to silica surfaces under the investigated
conditions. Also in the mixed experiment shows that flushing finally
with Milli-Q water shows a complete desorption. With a lower PSS
concentration of 20 ppm, a similar reduced AAS adsorption had been
observed in Fig. S7. The core flooding experiments also revealed the
potential of PSS to inhibit surfactant adsorption and an economic
analysis of PSS indicates that addition of PSS in surfactant flooding is
still be cost-effective when the surfactant price is as low as $1/1b [29].

In the co-injection of AAS and PSS experiments, the competitive
adsorption mechanism of an AAS + PSS mixture at water-silica inter-
face is proposed in Fig. 7b. Due to multiple anionic charged sites of PSS,
it adsorbed more easily on silica surfaces, which corresponded to the
difficult removal in the desorption process. After PSS adsorption, a
higher surface coverage with PSS inhibited the adsorption of AAS sur-
factant because of electrostatic repulsions. It means that PSS and AAS
compete for adsorption sites, but the adsorption of PSS was more fa-
vored. We can find a considerably lower amount of adsorption of AAS
surfactant in the mixture adsorption experiments. It seems more ben-
eficial if the surfactant flooding was first flushed with a polyelectrolyte
flooding, rather than simply using simultaneous injection of polyelec-
trolytes and surfactants.

4. Conclusion

The anionic surfactant AAS adsorbs to silica surfaces readily by the
presence of calcium ions. These calcium ions serve as bridges between
the negatively charged silica surface and the anionic surfactant head
group. For enhanced oil recovery, surfactant binding means the loss of a
valuable component. Owning to that reason it is of importance to know
how to reduce the amount of AAS binding. For the first time, QCM-D
provides real-time quantitative analysis of the surfactant adsorption
process in the presence of calcium ion and polystyrene sulfonate on
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silica surfaces, allowing relatively fast and sensitive for screening im-
portant experimental parameters. The adsorption of AAS surfactant was
found to increase with increasing surfactant concentration until a cri-
tical concentration, which was well described by the Langmuir ad-
sorption isotherm. We have performed most of our experiments at pH
= 9.5 resembling conditions often applied in EOR. At that pH, the silica
surface is highly negatively charged given a high site density for AAS
binding via calcium ion bridging. Indeed we found that decreasing the
pH (less alkaline) of the solution shows a reduction of AAS adsorption,
as a direct result of a reduced negative site density on the silica surface.
Increasing the CaCl, concentration in the solution shows an increased
AAS adsorption, until a concentration of 50 mM is obtained. At higher
CaCl, concentrations no additional surfactant adsorption was found.
Reduction of AAS loss by adsorption to silica surfaces can be obtained
by the application of high NaCl concentrations or by the application of
minor amounts of PSS. For NaCl it was found that applying a 100 mM
solution is able to reduce the AAS adsorption by 50 % in the presence of
50 mM CaCl,. For PSS was found that only 50 ppm PSS was needed to
reduce the amount of AAS adsorbed by 85 %, for a situation of 0.05 wt
% AAS and 50 mM CaCl,. The obtained detailed information of the AAS
adsorption to silica surfaces as function of pH, CaCl, and NaCl con-
centrations as well as the presence of polystyrene sulfonate contributes
to our understanding and optimization of surfactant injection in en-
hanced oil recovery processes.
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Fig. 7. (a) Real-time experimental data of fre-
quency shifts for dynamic adsorption of AAS,
PSS, and an AAS + PSS mixture onto silica
surfaces. The contribution of AAS adsorption to
the total adsorption in the mixture is evaluated
by the difference between desorption of PSS
and desorption of the AAS + PSS mixture. (b)
Schematic diagram of the competitive adsorp-
tion mechanism of the AAS + PSS mixture at
the water-silica interface.
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Supplementary material related to this article can be found, in the
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