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ABSTRACT: Surfactants have the ability to mobilize residual oil trapped in pore spaces of matrix rocks by lowering the oil−
water interfacial tension, resulting in a higher oil recovery. However, the loss of surfactants by adsorption onto the rock surface
has become a major concern that reduces the efficiency of the surfactant flooding process. In this study, the adsorption behavior
of an anionic surfactant to a clay mineral surface was investigated by quartz crystal microbalance with dissipation monitoring
upon variations with different cation conditions. Through recording the change of frequency and dissipation of clay-modified
sensors, it allows us to do a real-time quantitative analysis of the surfactant adsorption with nanogram sensitivity. The results
revealed that the surfactant adsorption increased in a Ca2+-containing solution with increasing pH from 6 to 11, whereas from a
Na+-containing solution, more adsorption occurred at acidic conditions. The adsorbed amount went through a maximum
(∼200 mM) as a function of the Ca2+ concentration, and the Voigt model suggested that multilayer adsorption of surfactants
could be as many as 4−6 monolayers. Using mixed cation (Ca2+ and Na+) solutions, the amount of adsorbed surfactant
decreased linearly with decreasing fraction of CaCl2, but Na

+ competed for about ∼30% adsorption sites. The importance of the
presence of CaCl2 for the surfactant adsorption was stressed in high-salinity and low-salinity solutions in the presence and
absence of Ca2+. Furthermore, increasing the temperature from 23 to 65 °C shows first a small increase of surfactant adsorption
followed by a reduction of about 20%. The obtained results contribute to a better understanding of surfactant adsorption on
clay surfaces and a guide to optimal flooding conditions with reduced surfactant loss.

1. INTRODUCTION

With their remarkable physicochemical properties of emulsi-
fication, foaming, detergency, dispersion, and solubilization,1,2

surfactants have been widely used in numerous industrial
processes such as water treatment,3 mineral flotation,4 and
surfactant-based enhanced oil recovery (EOR).5 In the
application of EOR, batches of surfactant solutions are injected
into the oil reservoirs for increasing the recovered oil yield.
The addition of surfactants promotes the formation of
microemulsions at the oil−water interface, thus significantly
reducing the oil−water interfacial tension, and mobilizing the
capillary-trapped oil or generating foam for a better sweep
efficiency and alteration of the mineral wettability.5−9 The
main problem that affects the efficiency of oil recovery in the
surfactant flooding process is the surfactant losses because of
adsorption on reservoir rocks. High adsorption of surfactants
causes chromatographic retardation when they are transported
through reservoirs, rendering the chemical EOR processes less
efficient and economically unfeasible.10 To ensure effective
propagation of surfactants in porous media, low adsorption is
necessary and the adsorption dynamics must be well
understood.
In the surfactant−water−solid system, the quantity of

surfactant adsorption depends on the solid chemistry (i.e.,
rock composition and surface charge), surfactant character-
istics, water composition (i.e., salinity, ions, pH), and the
system temperature.7,8,11−15 The rock surface can be either

positively or negatively charged by ionization/dissociation of
surface groups in the aqueous medium or by the adsorption of
ions from solution. For example, silica surfaces are predom-
inantly negatively charged, whereas calcite and dolomite are
positively charged at neutral pH.16,17 If the injected surfactants
and the reservoir rock have opposite charges, the adsorption
process is favored, and thus equilibration time is fast.
Conversely, if they have the same charge, repulsive interaction
will result in negligible adsorption.18 The addition of alkali to
raise the solution pH is able to change the mineral charge
sites,19 and thus alter the adsorbed amounts of surfactants.
Solairaj et al.20 found that the retention of anionic surfactants
to silica rock decreased from 0.22 to 0.08 mg/g when the pH
was increased from 6 to 11. This observation was consistent
with the results from Tagavifar et al.,7 who concluded that the
adsorption of anionic surfactants decreases approximately
linearly with pH of above 9.
Another essential factor affecting the loss of anionic

surfactants to the reservoirs is the salinity of the solutions.
Increasing the salinity can increase the adsorption of
surfactants on the rock surface because of the resulting
decrease in the Debye screening length, thus reducing the
electrostatic repulsion between the adsorbed molecules and
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rock surfaces.21,22 Moreover, the salinity also changes the
surface charges for the adsorption. AlQuraishi et al.23 observed
a substantial increase in the magnitude of the negative surface
charges of sandstone rock when switching from high-salinity
(HS) seawater to diluted low-salinity (LS) seawater. There-
fore, the anionic surfactant adsorption would decrease in LS
solutions as the number of negatively charged sites increases.24

The presence of divalent cations such as Ca2+ can cause a
significant increase in the adsorption of anionic surfactants to
negatively charged surfaces, but contrary for cationic
surfactants to a considerable decrease in adsorption.8,25,26

The reported adsorption isotherms confirmed this by showing
twice the amount of adsorption of sodium dodecyl sulfate by
the addition of Ca2+ compared to Na+.27 Nonetheless, the
influence of temperature affects the surfactant adsorption
depending upon several factors, including brine compositions,
salinity, and the investigated rocks.14

Based on the composition of the rocks, oil reservoirs are
generally divided into sandstone and carbonate, with the
presence of clay minerals. For sandstones, anionic surfactant
adsorption primarily depends more on the presence of the
amount of clay than quartz or silica.20,28 In the understanding
of LS water flooding, the presence of both clay minerals and
divalent cations were necessary, in particular for the surface
reactions.29,30 Because of the high clay content of carbonate
reservoirs, significant adsorption of surfactant and polymer was
found.31 Ma et al. observed a negligible adsorption of a cationic
surfactant on synthetic calcite (no clay was present), whereas
the adsorbed amount was substantial on natural limestone and
could be positively correlated with the clay content as deduced
from the observed aluminum and silicon content of the rock.32

In this picture, clay minerals, such as kaolinite, smectite, illite,
and chlorite, on the rock surfaces have been claimed as key in
the performance of the surfactant adsorption. It was found that
the clay structure and surfactant nature had a significant
influence on the adsorption capacity of surfactants.33,34 Torn et
al.35 reported the mixed adsorption of the nonionic polymer
and the anionic surfactant on kaolinite controlled by the
surface charge. Rodriǵuez-Cruz et al.36 suggested that the main
parameter affecting the adsorption of sodium dodecyl sulfate
was the presence of organic matter and kaolinite in the soil.
Surfactant adsorption isotherms had been performed to derive
the information about the interaction mechanism between
anionic surfactants and clay.37 The calcium−surfactant
complexes played a role in the adsorption on kaolinite38 and
the adsorption mechanism of hexanoate on the clay model
surface was proposed by the presence of Ca2+.39 However,
there is no systematic and quantitative understanding of how
and to what extent cations affect the adsorption processes and
the dependence on temperature.
To address the abovementioned issues, we aim to under-

stand the cation (Ca2+ and Na+)-dependent adsorption of an
anionic alcohol alkoxy sulfate (AAS) surfactant on clay mineral
surfaces using quartz crystal microbalance with dissipation
monitoring (QCM-D). Through recording the changes in
frequency (because of mass adsorption) and dissipation
(because of viscoelasticity), QCM-D measurements allow for
a quantitative investigation of the surfactant adsorption
behavior. In this work, a fundamental study was conducted
to explore the effect of the monovalent Na+ and divalent Ca2+

on the AAS adsorption behavior on clay surfaces. The purpose
of our study was (i) to compare the results from two types of
salt solutions as a function of pH, electrolyte concentrations,

and temperature, (ii) to gain insights into the processes that
control adsorption behavior under the conditions of both
mixed cation (Na+ and Ca2+) solutions and HS/LS solutions,
(iii) to understand the adsorption mechanism of surfactants to
clay surfaces, and (iv) to conclude with the implications for
reducing surfactant adsorption in EOR based on the obtained
new understanding.

2. EXPERIMENTAL METHODS
2.1. Chemicals and Solutions. The anionic surfactant (AAS-

J771, hereafter abbreviated as AAS, had a molecular weight of 700 g/
mol) was supplied by the Shell Oil Company. Such a surfactant
typically contains mainly C12 and C13 alkyl-groups and seven propoxy
groups in the middle part connected to the sulfate head group. It is a
negatively charged surfactant commonly used in EOR with the
advantages of excellent divalent cation tolerance (no precipitation in
the presence of relatively high Ca2+ concentrations) and a relatively
low cost compared to other types of EOR surfactants.40 The AAS
surfactant was used as received without any further purification. All
salt solutions were prepared by mixing the deionized water (Milli-Q,
with a resistivity of >18.2 MΩ·cm) with reagent-grade salts (NaCl and
CaCl2), which were purchased from Sigma-Aldrich and had a purity
grade of >97.0%. The salt solutions were mixed with surfactants at a
concentration of 0.15 wt % (2.1 mM), which was well above the
critical micelle concentration of ∼0.04 mM as measured at room
temperature and in the absence of added salts. The prepared
surfactant solutions were shaken with a vortex shaker (Scientific
Industries, Vortex-Genie 2, the intensity of 5) for 30 min to obtain
well-dispersed and stable solutions. The solution pH was adjusted
using 0.2 M HCl and 0.2 M NaOH and monitored using a Metrohm
827 pH meter.

2.2. Clay Sensors. Standard clay sensors (QSX 999, Q-sense)
were purchased from Q-Sense Biolin Scientific. The gold-coated
quartz crystal sensor was coated with a thin layer of Boise rock. This is
a type of smectite rich clay with mixed layers of illite-smectite,
containing small amounts of chlorite and kaolinite. Smectite belongs
to the class of aluminum phyllosilicates. Generally, the surface charge
of clay minerals at neutral pH is negative41 because of the presence of
dissociated surface hydroxyl groups. The sensors consist of an AT-cut
quartz crystal disk (14 mm in diameter) with metal electrodes
deposited on both sides. One side was covered with a thin clay layer
(∼100 nm in thickness) with 50 nm SiO2, 100 nm Au, 50 nm Ti, and
5 nm Cr sputter-coated onto the crystal surface. The fundamental
resonance frequency ( f 0) for the clay-modified sensor crystals was 5
MHz. Prior to each experiment, the sensors were rinsed successively
with Milli-Q, ethanol, and iso-propanol three times to remove any
possible surface contaminations coming from the air. It was then
gently dried by a stream of clean and dry nitrogen gas. The dried
sensors were finally plasma-cleaned at 1000 mTorr (Harrick Plasma
Cleaner, 110 V, medium intensity) for 5 min. After plasma-cleaning,
the sensors were immediately transferred into flow modules and
properly aligned to the desired position. The possible reuse of the
sensor depends on the reproducibility of the signal during
measurements. To minimize signal drift, each sensor was only used
less than five times before obvious variation of signals occurred, such
as an unstable reference signal.

2.3. Surface Characterizations. Atomic force microscopy
(AFM) tomography images were acquired in tapping mode using a
silicon tip (NSG03, NT-MDT), with a nominal value of the tip radius
of 7 nm and a nominal spring constant of 0.4−2.7 N/m. Images were
recorded over a 2 × 2 μm2 area with 512 × 512 data points, at room
temperature, and at a scan rate of 1 Hz. The morphology of the sensor
surfaces at a larger area were studied by scanning electron microscopy
(SEM) using a JSM-6010LA InTouchScope. The SEM was operated
under high voltage and vacuum mode at magnifications of 200−10
000 times. The chemical state and the element composition of the
clay sensors were determined with X-ray photoelectron spectroscopy
(XPS) spectra (K-Alpha Thermo Fisher Scientific spectrometer),
using monochromatic Al Kα radiation at room temperature. To
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calibrate the obtained XPS spectra, the main peak of carbon (C 1s)
was adjusted to the reference value of ∼284.8 eV.42,43 Sputtering was
carried out by an argon ion gun. During the sputtering, the chamber
pressure was ∼4 × 10−7 Torr and the ion gun was operated at 1 kV
and 1 mA.
2.4. QCM-D Principles. QCM-D has been widely used to

investigate the adsorption and desorption processes of molecules on
solid surfaces with nanogram sensitivity.16,26 In this work, a QCM-D
(E1, Q-sense) and its high temperature module were used to
investigate the adsorption behavior of surfactants to the clay-modified
sensor surface. The QCM-D simultaneously measures the changes in
resonant frequency and dissipation energy of the clay-modified coated
crystals. By application of an alternating voltage across the electrodes,
shear stress is generated because of the piezoelectric property of
quartz and this results in oscillation of the crystal at its resonance
frequency ( f). Any increase in adsorbed mass (Δm) because of a
binding process to the surface causes a shift in the resonance
frequency to lower values (Δf). The linear relationship between Δm
and Δf can be described by the Sauerbrey equation44

ρ
Δ = −

Δ
= − Δ

f
nf m

v
n m

C

2 0
2

q q (1)

where C is the sensitivity constant of the quartz crystal (0.177 mg m−2

Hz−1), n is the overtone number (1, 3, 5, etc.), ρq is the specific
density of quartz (2650 kg/m3), and vq is the shear wave velocity in
quartz (3340 m/s). The Sauerbrey equation is valid when the
adsorbed film is thin, rigid, homogeneously distributed, and does not
slip at the clay−water interface. This may not be always the case,
especially when the adsorbed film shows viscoelastic properties and
does not fully couple to the substrate. Under such conditions, the
Sauerbrey equation would underestimate the amount of adsorbed
mass.
The decoupling of adsorbed molecules leads to a damping of the

oscillation and the energy dissipation of the sensor (ΔD) was
measured to estimate the viscosity and elasticity of the adsorbed
layer.45

Δ = −
πΔ

D
E

E2
D

S (2)

where ED is the energy dissipated during one oscillation period and ES
is the total energy stored in the oscillation system. ΔD presents the
viscoelastic changes of the adsorbed layer and a large change of ΔD
indicates a soft or loosely bound layer to the surface, whereas small
changes are indicative of a flat and rigid adsorbed layer. The
measurement of ΔD allows a more accurate estimation of the
adsorbed mass in a viscous film by introducing the viscosity and shear
elastic modulus as described in the Voigt model,46 which is
implemented in the Dfind software from Q-sense. The Voigt model
is usually applied to adsorbed polymers, which conserve their shape
under shear deformations and do not flow.46 In the fitting using the
Voigt model, the parameter chi-square (χ2) is used to describe the fit
quality.

∑χ σ= [ − ]Y Y( )/
i

i i i
2

theory, mea,
2

(3)

where the sum is taken over all measured points and σi is the standard
deviation of the ith data point. The model function Ytheory is the
theoretical shift in resonant frequency that is related to the four
physical parameters of the adsorbed film: film thickness, density, shear
modulus, and viscosity and Ymea is the set of measured values. The
lower the χ2, the better the fitting to the model. If the density is
known, the thickness, viscosity, and elasticity of the adsorbed layer
can be calculated. It is recommended that the number of selected
overtones has to be larger than the number of fitted parameters.
Therefore, for the fitting of thickness, viscosity, and shear modulus, at
least three overtones need to be selected. For our system, the density
of bulk fluid and adsorbed layer are both set at 1000 g/L. Recently,

Radke et al.47 built a viscosity−density correction to Δf based on the
simplified Voigt model of a thin adsorbed film.

Δ
= − Δ −

Δf
n

m
C

Df

2
0

(4)

When solute adsorption is strong from a dilute solution, such a
correction is not important.47 In this study, the mass variations have
been calculated and estimated with the above models and corrections.

2.5. QCM-D Experimental Procedures. The QCM-D flow
modules and connecting tubes were cleaned before each experiment,
by following a similar procedure as used for the clay sensors but now
without plasma treatment. Figure 1 illustrates the subsequent steps

involved in the adsorption investigation of surfactant to clay surfaces.
The Milli-Q water was initially flushed through the flow modules with
a peristaltic pump (ISMATEC, ISM935C) at a flow rate of 200 μL/
min. The resonant frequency and dissipation of various overtones
were recorded simultaneously. The fifth harmonic of the fundamental
resonance frequency showed a good signal-to-noise ratio and was
therefore chosen for our work. After obtaining a stable reference
signal, the clay surface was flushed with a salt solution in step 2, which
produced a negative frequency shift because of the larger density and
viscosity of the salt solution compared to Milli-Q water only. In step
3, it was followed by a continuous injection of the surfactant solution.
The further change of frequency shift depends on the surfactant
adsorption. The solution was changed back to Milli-Q or salt
solutions to desorb the adsorbed surfactants and to evaluate the
desorption processes. The measurements were repeated 2−4 times for
each kind of salt and surfactant solution to ensure the accuracy and
reproducibility of the data. After each experiment, the entire system
was flushed with Milli-Q at 200 μL/min for 45 min. All experiments
were performed at room temperature (23 ± 0.1 °C) and pH = 9,
except for the investigation of the pH and temperature effects. The
averaged values for the QCM-D data are given and have been used for
the calculations presented in this research.

3. RESULTS AND DISCUSSIONS
3.1. Surface Characterizations. The AFM and SEM

images of the clay-modified quartz crystals applied in QCM-D
are shown in Figure 2. The surface was dominated by very
small clay nanoparticles with a size of ∼50 nm that were evenly
distributed (see Figure 2a). Such clay nanoparticles were also
observed on the surface of the quartz crystals in sandstones
and on calcite particles in chalk.48 The average surface
roughness and root mean square deviation in the height of
clay-modified quartz crystals were 1.85 and 2.37 nm,
respectively. In the SEM image shown in Figure 2b, no
characteristic topography was found on the larger area surface
(except for a few pieces of dust, as shown on the right of the
SEM image) on the received sensor without any treatment.

Figure 1. Schematic representation of the applied QCM-D measure-
ment procedures for the investigation of AAS surfactant adsorption to
clay mineral surfaces. ① A bare clay-modified sensor in Milli-Q water,
② in the added salt solution, ③ then followed by a continuous
injection of the surfactant solution. The frequency shift Δf indicates
the surfactant adsorption to the surface.
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The high-magnification SEM images of the same area can be
found in Figure S1. These surfaces were considered to be
sufficiently flat and smooth. Therefore, the possible influence
of frequency shift from the liquid trapping effect because of
surface roughness was neglected. Any differences in adsorption
behavior were attributed to water composition and surfactants.
The chemical state and the elemental composition of the clay-
modified surface after sputtering are shown in Figure S2 and
Table S1. Through XPS analysis, relative percentages of
oxygen, silicon, and alumina were 43.5, 28.3, and 19.9 at. %,
respectively. The clay mineral was mainly composed of
aluminum hydroxide and silicate.43 Copper (Cu2+) ions were
also determined and minor amount ions of Ca2+, Mg2+, K+, and
Na+ were seen as the exchangeable cations. The surface
hydroxyl groups or oxygen were the main negative surface sites
of the clay,49 where adsorption might occur.
3.2. pH Effect. The adsorption of AAS to the clay surface

was monitored starting from an aqueous AAS solution [0.15 wt

% corresponds to 2.1 mM, which was well above its critical
micellar concentration (cmc)] at room temperature (23 ± 0.1
°C). The solution was applied via a flow system, as described
in Section 2.5, to the QCM-D sensor. The observed frequency
shift is plotted as a function of pH for both 100 mM NaCl and
100 mM CaCl2 containing solutions in Figure 3a. A larger
frequency reduction indicates a larger amount of adsorbed
mass to the clay-modified sensor surface. In the presence of
Ca2+ ions, the AAS adsorption increased with increasing pH,
whereas in the presence of Na+ ions, the opposite was seen:
AAS adsorption decreased with increasing pH. Above pH = 8,
hardly any effect was observed for Na+, indicating negligible
AAS adsorption. From these results, it was clear that the
presence of Ca2+ ions enhanced the AAS adsorption to the clay
surface. This effect was more pronounced at higher pH, where
dissociation of surface hydroxyl groups was more prominent,
leading to more surface sites for binding.35

Figure 2. (a) AFM topography image (2 × 2 μm2) of the clay-modified surface. The inset is the complete clay-modified sensor used for QCM-D
measurements. (b) SEM image of larger surface area, 200 times magnified.

Figure 3. (a) Effect of pH on the surfactant adsorption to the clay surface in 100 mM NaCl and 100 mM CaCl2 solutions. (b) Real-time observed
frequency and dissipation shifts for the different overtones of a QCM-D resonator upon surfactant adsorption in 100 mM CaCl2 solutions, at pH 9.
(c) Real-time experimental data of frequency shifts in 100 mM NaCl solution, at pH 5 and 6. (d) Schematic illustration of the adsorption
mechanism at the water−clay interface. The dashed lines indicate fluid switching between salt solutions and surfactant solutions.
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A typical example of frequency and dissipation changes for
different overtones with time is shown in Figure 3b for the
situation of 100 mM CaCl2 and pH = 9. For different
overtones, the observed shifts were similar. The observed
frequency shifts were negative because of the increase of
adsorbed mass, whereas the positive dissipation shifts indicated
a soft, possible loosely bound layer on the clay surface with
energy dissipated. From the sharp decrease in frequency shift,
it was concluded that the adsorption was fast. Desorption was
found to be slower, which was in agreement with the positive
affinity of AAS surfactants to the clay surface. The desorption
was interpreted as a two-step process: an initial release of
weakly bound surfactants and later a process related to the
desorption of strongly bound surfactants.
At pH = 5 in the presence of 100 mM NaCl (Figure 3c),

injection of AAS, followed by the same salt solution, showed a
rapid negative frequency shift (increase in adsorbed mass),
followed by a positive frequency shift (desorption of mass),
ending at a final mass lower than the initial value. This was
observed again upon repeating the experiment. At pH = 6,
overall an effective increase in crystal mass was observed. The
overall mass decrease points to the possible etching of the clay
and thus instability of the clay-modified sensor at pH = 5, and
therefore we have set out pH values always ≥6 in all our
subsequent experiments.
It is proposed that the sulfate anionic head group of AAS

binds to the negatively charged clay surface via a bridging Ca2+

ion (Figure 3d). A prerequisite for such an interaction is a

negative surface charge. Such a charge is determined by the pH
of the solution. For silica surfaces, the isoelectric point is at pH
= 2 and the surface will be negatively charged above that pH.16

At our conditions of pH ≥ 6, the silica surface is negatively
charged because of the dissociation of surface silanol (−SiOH)
groups. The clay mineral surfaces not only contain −SiOH
groups but also −AlOH sites on the octahedral aluminous
sheet. The −AlOH has a higher pKa compared to −SiOH; the
isoelectric point of clay is therefore higher than silica,50−52

indicating that the negative charge density of clay is less than
that of silica at a given pH. The charge on the clay surface
could be the result of either the hydrolysis of −SiOH or Lewis
acid−base interactions in −AlOH or because of adsorption of
the cation−surfactant complexes. At a lower pH region, with
reduced negative surface charge, parts of the clay surface could
be still positively charged in NaCl solution, where electrostatic
forces play a role in the adsorption of the anionic surfactant.
Moreover, the ligand exchange could not be ruled out and the
sulfate groups may exchange with hydroxyl groups in Al(III)
sites, and the AAS surfactants directly attach to positively
charged sites at the clay surfaces. This observation is consistent
with higher sodium dodecyl sulfate adsorption on the sand
surface at acidic conditions.53 When pH is above 8, it carries a
negative surface charge because of deprotonation of −SiOH
groups and the hydroxide ions compete for the adsorption sites
of Al(III). Therefore, anionic surfactants have a lower
adsorption value in NaCl solution because of the fewer Al(III)
sites, compared to negative charges with Ca2+.

Figure 4. (a) Real-time observed frequency shifts of a clay-modified QCM-D sensor upon addition of AAS (0.15 wt %) and subsequent flush
without AAS at pH = 9 and room temperature with varying CaCl2 concentrations. For clarity, the start of the curves were offset. (b) Observed
maximum frequency shifts as a function of NaCl and CaCl2 concentration. (c) Desorption time of AAS surfactant as a function of the applied CaCl2
concentrations. (d) Schematic illustration of the adsorbed AAS surfactants to the clay surface via Ca2+ bridging for the multilayer adsorption, such
as the double layer film in the black circle. (e) Screening effect of Ca2+ leads to the formation of positively charged Ca(RSO4)

+ complexes (red dash
circle).
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In a previous study on LS effect, it also proposed the Ca2+

bridging between negatively charged organic molecules and the
surface, but no bridging occurred for Na+.21,54 In the absence
of Ca2+ ions and the presence of the monovalent Na+ ions, this
bridging is not possible and therefore no AAS adsorption is
observed. The finding of higher adsorption from Ca2+ solutions
and negligible adsorption in Na+ solutions at higher pH is
therefore consistent with the proposed cation bridging
mechanism. As surfactant flooding is always accompanied
with alkalis to raise the solution pH, the following studies were
performed at alkaline conditions of pH 9.
3.3. Salt Concentration. The AAS surfactant adsorption

and desorption was next studied under the same conditions as
before, but now at pH = 9 and with varying aqueous salt
concentrations (10−500 mM of CaCl2 and NaCl) and the
results are shown in Figure 4. In Figure 4a, the frequency shift
is plotted in real time for different applied CaCl2
concentrations. For clarity, the start of each response was
shifted in this figure. For every investigated condition, a fast
decrease of frequency was observed with an adsorption time of
50−200 s, indicating that adsorption is always a fast process. A
higher concentration of CaCl2 shows a larger frequency shift,
which is interpreted by more AAS adsorption. A maximum of
adsorption is observed at 200 mM (Figure 4b). Increasing the
CaCl2 concentration to 500 mM shows a decrease of frequency
shift, indicating the loss of adsorbed AAS. Replacing the CaCl2
by NaCl of the same concentrations shows hardly any change
of frequency shift, thus no AAS adsorption. This observation
stresses the importance of the presence of CaCl2 for the
adsorption of AAS to the clay surface.
By switching the flow solution from AAS-containing to the

absence of AAS, we were able to monitor a decrease of
frequency shift in time for the applied CaCl2 concentrations.
The time needed to displace the adsorbed AAS from 5 to 95%
is presented in Figure 4c for the different CaCl2 concen-
trations. For increasing CaCl2 concentrations, the AAS
desorption time becomes increasingly longer; thus, the higher
the CaCl2 concentration, the slower the process. This indicates
a two-step desorption process for the higher CaCl2 solutions.
To interpret the above observation, the observed frequency
shifts and dissipation shifts were analyzed according to the
Sauerbrey and Voigt models in the next section.
3.4. Adsorption Calculations and Modeling. We have

analyzed the experimental data of frequency shift and
dissipation shift for the clay-modified sensors with QCM-D
for the adsorption of AAS (0.15 wt %) in the presence of 100

mM CaCl2 at pH = 9 and at room temperature. From the
different overtones, the mass and thickness of the adsorbed
AAS layer have been calculated. See Section 2.4 for more
details. The results are presented in Table 1. It can be seen that
the adsorbed amount and layer thickness calculated using the
Sauerbrey equation and the simplified Voigt model are
overtone-dependent, which is consistent with previous
results.47,55 Both calculated mass and thickness are lower
with increasing overtone number. As for the Voigt model, all
the overtones (1 to 13th) were applied to derive the adsorbed
mass and layer thickness. The chi-square (χ2) is about 0.01,
indicating a perfect fit with the Voigt model. What can be
expected for the adsorption of a single AAS monolayer?
Assuming that a tightly packed monolayer occupies 20−30 Å2/
molecule,56,57 and using for AAS a molecular weight of 700 g/
mol, such a monolayer would result in a mass increase of 389−
583 ng/cm2. This value range matches very nicely with the
interpretation using the Sauerbrey and simplified Voigt models.
However, because of our observed significant dissipation shifts
and separations such as in Figure 3b, it is expected that the
monolayer(s) formed are not rigid as assumed in these two
models. The Voigt model seems therefore more appropriate.
Thus, a less dense and less rigid multilayer of ∼11 nm
thickness seems more likely. Using a value of 3−4 nm for the
length of a single AAS molecule suggests that there is room for
the adsorption of 3−4 AAS layers. It is important to realize
that surfactants adsorbed to surfaces and in contact with an
aqueous solution and preferentially having the outer layer
exposed to the aqueous phase have a hydrophilic character;
thus, it is more likely that the anionic head group points
outward, and not the hydrophobic tail.
We continue now using the Voigt model for the

interpretation of the frequency shift and dissipation shift for
the clay-modified sensors in QCM-D for the adsorption of
AAS (0.15 wt %) in the presence of increasing CaCl2
concentrations at pH = 9 and at room temperature. From
the averaged overtones (1 to 13th) the mass change and
thickness change of the adsorbed AAS layer have been
calculated. See Section 2.4 for more details. The results are
presented in Table 2. The calculated mass increase grows up to
a CaCl2 concentration of 200 mM, as does the thickness
increase. The maximum adsorption layer is 4−6 (2 or 3
stacked bilayers) in 200 mM CaCl2 solution. This multilayer
adsorption has also been observed on mica surfaces, with as
many as six layers through three stacked bilayers.58 It should be
pointed out that under these high CaCl2 concentrations with

Table 1. Results of Interpretation of the QCM-D Data of Different Overtones for AAS (0.15 wt %) Adsorption in the Presence
of 100 mM CaCl2 Solution at pH = 9 and Room Temperature

Sauerbrey Voigta simplified Voigt

F3
b F5 F7 averaged F3 F5 F7

mass (ng/cm2) 529 ± 2 492 ± 2 468 ± 2 1250 ± 30 390 ± 2 369 ± 2 353 ± 2
thickness (nm) 4.8 ± 0.01 4.5 ± 0.02 4.3 ± 0.02 11.3 ± 0.3 3.5 ± 0.01 3.4 ± 0.01 3.2 ± 0.02

aAveraged adsorbed amount for all overtones (1, 3, 5, ..., 13). bFn is the resonant frequency shift of the nth overtone.

Table 2. Results of Interpretation of AAS (0.15 wt %) Adsorption in the Presence of Varying CaCl2 Concentrations at pH = 9
and Room Temperature Using the Voigt Model

CaCl2 concentration (mM) 10 50 100 200 300 500
mass (ng/cm2) 319 ± 9 1040 ± 35 1250 ± 30 2600 ± 14 1720 ± 54 1240 ± 39
thickness (nm) 3.2 ± 0.1 10.4 ± 0.4 11.3 ± 0.3 26.0 ± 0.1 17.1 ± 0.5 12.4 ± 0.4
chi-square (χ2) 0.005 0.01 0.01 0.18 0.01 0.5
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the 0.15 wt % of AAS, these solutions are still stable during
measurements. Precipitation of calcium AAS, and therefore a
reduction of cmc (less AAS monomers available for
adsorption) can be excluded, as these mixtures have been
tested in a separate experiment and observed to be stable and
well-dispersed solutions. Therefore, the adsorbed mass and
thickness decrease by increasing the CaCl2 concentration from
200 to 500 mM needs to be explained by the stability of the
adsorbed layer. It is speculated that the growing layers are
initially of low density and low rigidity. Upon growing, they
might collapse to thinner and more rigid multilayers. The
suggestion of more rigid multilayers at high CaCl2 concen-
trations is supported by our observation that the desorption
rate under these conditions is lower compared to the
conditions of low CaCl2 concentrations (see Section 3.3).
The increased stability of the adsorbed layer at a higher CaCl2
concentration form 200 to 500 mM could come from two
aspects: (1) the increased electric double layer force is
dominant compared to the cation bridging, which favors strong
adsorption and thus needs a longer time for the desorption.
(2) The strong screening effect of Ca2+ leads to the formation
of positively charged Ca(RSO4)

+ complexes (R is the rest of
surfactant), as shown in the blue dashed circle of Figure 4e.
The multilayer adsorption through cation-bridging was
collapsed because of the electrostatic repulsion among
Ca(RSO4)

+ complexes and the positively charged surface.
Such charge reversal was also predicted by molecular dynamics
simulations of silica with the presence of Ca2+ ions.59,60

On the basis of the experimental data obtained and the
interpretation according to the Voigt model, we come to the
following overall picture of AAS adsorption to clay surfaces
(Figure 4d,e). Calcium ion is always needed for AAS
adsorption to clay surfaces at pH = 9 and at room temperature.
These Ca2+ ions act as a bridge between the negatively charged
sites on the clay surface and the anionic head group of AAS.
Already at low Ca2+ concentrations, AAS adsorption starts and
the amount adsorbed increases with the Ca2+ concentration up
to 200 mM. Desorption of AAS is fast if the flowing solution
does not contain added AAS. Most likely, a multilayer of low
density packed AAS is formed. The more Ca2+ present, the
more bridges are formed (Figure 4d). On basis of polarity
considerations, it is likely that the outer face of the AAS
multilayer is hydrophilic. At still higher Ca2+ concentration
(>200 mM), maximum AAS adsorption is reached, and the
multilayer destabilizes at still higher Ca2+ concentrations, as
was concluded from the observed lower frequency shift. It is

suggested that the presence of such high Ca2+ concentrations
leads to stabilization of the remaining multilayer. This is based
on the low rate of AAS desorption under these conditions.

3.5. Mixed Cation Solutions. So far, the effect of Na+ and
Ca2+ ions have been investigated in separate experiments. In
the presence of Na+, no AAS adsorption promoting effect was
observed, whereas the presence of Ca2+ strongly favors AAS
adsorption to the clay surfaces. Under the same conditions as
before regarding AAS concentration, pH, and temperature, we
have investigated the frequency shift (mass change) of our
clay-modified QCM-D upon the application of mixed NaCl
and CaCl2 solutions, to investigate if there is any competing
effect. The total added salt concentration was set to 100 mM.
It is realized that for the same concentration of CaCl2
compared to NaCl, we have in the former case the double
amount of chloride ions present, the same amount of cations,
however now of double charge. The results of the observed
frequency shifts as a function of the fraction of CaCl2 is shown
in Figure 5a. If only 100 mM NaCl is present, the frequency
shift is negligible (2 Hz) and no AAS adsorption occurs.
Increasing the fraction of CaCl2 shows a gradual increase of
frequency shift, indicating that more mass (AAS) is adsorbed.
This ends at a frequency shift of 28 Hz for only 100 mM
CaCl2. It is remarkable to see that in between these extreme
fractions, the amount of adsorbed AAS decreases linearly with
the decreasing fraction of CaCl2. It can be explained by the
decreasing cation bridging with the decrease of Ca2+

concentration. It was also found that the adsorption amount
at 100 mM Ca2+ was twice than the adsorption at 50 mM Ca2+

and 50 mM Na+ in mixed solutions. In Table 2, the adsorption
in 100 mM Ca2+ was found to be larger than in only 50 mM
Ca2+ but not twice the amount relationship. The plausible
explanation is that Na+ competes for the adsorption sites.
To further investigate the competitive adsorption behavior

between Na+ and Ca2+ in mixed solution, the adsorptions of
AAS surfactant were performed at constant 50 mM Ca2+ with
variable Na+ concentrations (0, 10, 50, 100, 450 mM) and the
results are shown in Figure 5b. From 0 to 50 mM Na+, the
surfactant adsorption was decreased with increasing Na+

concentration, indicating that Na+ indeed took some
adsorption sites of Ca2+. At 450 mM Na+, a slight increase
of adsorption was observed. The more Na+ did not compete
for more adsorption sites and the slightly increased adsorption
came from the larger electric double layer force for strongly
bound surfactants in higher salt concentrations. An estimation
of the maximum competitive sites that Na+ took is about 30%.

Figure 5. (a) Effect of CaCl2 concentration fraction on the frequency shift in mixed CaCl2 + NaCl solutions of totally 100 mM. (b) Effect of
increasing Na+ concentrations on the frequency shift at constant 50 mM Ca2+.
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In our previous study on calcite surfaces,26 surfactant
adsorption remained stable and did not change at 50 mM
Ca2+ when the Na+ concentration was varied from 1 to 500
mM. However, for the silica surfaces, the adsorption decreased
with increasing Na+ concentration (1−500 mM) and with Ca2+

fixed at 50 mM. Based on the results on clay, calcite, and silica
surfaces, we came to the conclusion that Na+ is an indifferent
ion on the calcite surface for the surfactant adsorption, but it
could replace all the Ca2+ binding sites on the silica because
the interaction between the Si−O anion with the Ca cation is
weaker compared to the interaction between the carbonate
anion and the Ca cation. It also suggests that there are at least
two sites for Ca2+ binding on the clay surface, one is related to
the present Al(III) sites and the other is surface silanol. The
first type seems to lead to the stable Ca cation binding that is
similar to the calcite surface. The other is the less stable Ca
cation binding, similar to the silica surface. In this picture, the
competing behavior between Na+ and Ca2+ on clay surface is in
between calcite and silica surfaces. The overall binding
properties of a Ca2+ ion plus an AAS surfactant molecule to
the binding site on clay is much stronger than the binding of
only a Na+ ion.
3.6. Salinity Effect. The LS water flooding as a method for

surfactant-free EOR has been proven effective, which releases
more oil from sandstone reservoirs than conventional flooding
with seawater or formation water.21,29,30 The combined
surfactant with LS injection for EOR reported a higher oil
recovery compared to applying LS or surfactant flooding
separately.61 In this section, we describe our investigation of
the effect of LS and HS conditions on the AAS adsorption to
clay surfaces at pH = 9 and room temperature. The
composition of the LS and HS solutions investigated is given
in Table 3. The recipe for artificial seawater, which served as

the HS solution, was similar to those reported previously.21 For
the LS and LS-no Ca solution, we simply diluted the stock HS
and HS-no Ca solutions by ∼25 times.
The surfactant adsorption behaviors under HS and LS in the

presence and absence of Ca2+ were studied, as shown in Figure
6. The largest AAS surfactant adsorption was obtained in the

HS solution. The change from HS to LS gave rise to a sharply
decreased adsorption. Based on a previous AFM study on the
pore-scale mechanism for the LS effect,21 it can be attributed
to the combined electric double layer repulsion and cation
bridging effect. In the HS-no Ca solution, the adsorption
shows comparable adsorption as in LS. The HS solution has
similar salinity to HS-no Ca solution, but the adsorption is
obviously lower in HS-no Ca. From these comparisons, the
decreased adsorption from HS to LS is due to the lower of
Ca2+, which leads to less cation bridging but not the decreased
electric double layer repulsion effect. After the removal of Ca2+

of LS, the lowest adsorption is shown in LS-no Ca solution.
This observation suggests that the reduction of surfactant
adsorption mainly depends on the number of divalent cations
such as Ca2+ in the solution. The lower adsorption of
surfactants in LS than HS stems from the less Ca2+ in LS
and the Ca2+ can always bind to a clay surface that makes some
adsorptions. To reduce surfactant adsorption in HS solution, it
is not necessary to reduce the salinity of solution but more
important to remove the residual divalent Ca2+ ions in
solution.

3.7. Temperature Effect. Finally, we have investigated the
effect of increasing temperature (23−65 °C) on the frequency
shift (mass change) of the clay-modified sensor of QCM-D
upon addition of AAS (0.15 wt %) in 100 mM aqueous CaCl2
at pH = 9. The results are presented in Figure 7. Increasing the

temperature from 23 to 35 °C shows a small increase of
frequency shift (more AAS adsorbed). Further increase of the
temperature up to 65 °C shows a reduction of frequency shift
(less AAS adsorbed) of about 20%. This is an interesting
observation; first, a small increase in adsorbed AAS, followed
by a decrease. In general, you expect for increasing the
temperature that adsorption will be reduced. What could be
the reason for increased adsorption in the range of 23−35 °C?
This can be understood by realizing that the free AAS
monomers are the adsorbing species. These AAS monomers
are in equilibrium with monomers in the AAS micelles, and
their concentration is equal to the cmc. As micelles are
destabilized at higher temperatures, the cmc will increase at
higher temperatures on the basis of our measurements, and
therefore the AAS monomer concentration available for
binding to the clay surface also increases. Clearly, in this
temperature domain, the overall result is an increase of the
amount of AAS adsorbed. At temperatures above 35 °C, the
cmc will further rise from our study, resulting in more AAS
monomers in the solution. At these temperatures, the

Table 3. Composition of the HS and LS solutions

salt HS HS/no Ca LS LS/no Ca

CaCl2 (mM) 50 0 2 0
NaCl (mM) 450 450 18 18
salinity (ppm) 31 800 26 300 1270 1050

Figure 6. Effect of HS and LS solutions with and without Ca2+on the
AAS surfactant adsorption in the presence of 0.15 wt % AAS, at pH =
9.

Figure 7. Frequency shift observed upon increasing the temperature
from 23 to 65 °C in the presence of 0.15 wt % AAS, 100 mM CaCl2,
and at pH = 9.
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adsorption of AAS to the clay surface will overall be reduced.
Clearly, the reduced AAS adsorption at higher temperature is
not compensated by the increase of AAS monomers. An
increase in temperature leads to an increase in the kinetic
energy of the species. The interaction between the surfactant
and surface becomes weaker at higher temperatures. The
relatively high kinetic energy and subsequent high entropy
contribute to the decrease of aggregate organization of
surfactant on the surface, giving rise to the low adsorption of
surfactants. Similar adsorption behavior has been observed by
Azam et al.,24 who studied the adsorption of anionic surfactant
onto crushed Berea sandstone. A shift to lower adsorption at
high temperatures for sodium dodecyl sulfate on hydrotalcite-
like minerals was also found.62 This suggests the possibility of
AAS surfactant used in high temperature with less adsorption,
but should not too high because of its chemical stability.
3.8. Implications for Surfactant Adsorption. This study

provided a relatively simple and fast way of screening
experimental parameters of importance for surfactant adsorp-
tion to clay mineral surfaces, which can be used as an
alternative to more time-consuming core flooding tests.30 We
have focused in this study on the role of clay species only,
which do form part of sandstone and calcite rock formations.
Calcium ions are always needed for anionic AAS surfactant
adsorption on negatively charged surfaces. The extent of
negative charge is determined by the rock composition
(sandstone, calcite), the presence of clay species, and the pH
of the solution. The more alkaline the solution, the more
negative charge is present. The present Ca2+ ions act as a
bridge between these negative surface sites and the negatively
charged head group of the AAS surfactants. The more Ca2+,
the more AAS can be bound. This is true up to 200 mM Ca2+

at pH = 9. Higher Ca2+ concentrations destabilize the low-
density multilayer and a thinner denser multilayer is proposed
to be formed. The increased stability of the adsorbed layer
could come from the increased electric double layer force and
the strong screening effect of Ca2+. However, the Na+ could
compete for adsorption sites in the Ca2+ and Na+ mixed
solutions and an estimation of the maximum competitive sites
that Na+ took was about 30% on the clay surface, which is in
between silica and calcite surfaces. Increasing the temperature
from 23 to 65 °C shows first a small increase of AAS adsorbed
followed by a reduction of AAS adsorbed. The balance of
interactions of AAS monomers in solution, in micelles, and
bound to the clay surface determine the overall effect. To
reduce the surfactant adsorption, one of the key issues is to
control the divalent cations such as Ca2+ in solutions or
improve the divalent cation tolerance of surfactants.

4. CONCLUSIONS
To gain insights into surfactant adsorption on mineral surfaces,
QCM-D was exploited to study the adsorption behavior of
anionic AAS surfactant to the clay surface under various cation
conditions. The experimental results and consequent analysis
revealed new fundamental features of adsorption behavior of
surfactants. In the presence of Ca2+ ions, the AAS adsorption
increased with increasing pH, whereas it decreased in the
solution containing Na+ solution. It is proposed that the sulfate
anionic head group of AAS binds to the negatively charged clay
surface via a bridging Ca2+ ion. For a fixed pH = 9, the
surfactant adsorption goes through a maximum (∼200 mM) at
increasing Ca2+ concentrations. The experimental data of
frequency shift and dissipation shift have been analyzed using

three different models, in which the Voigt model better
described the multilayer adsorption, as many as 4−6
monolayers in 200 mM CaCl2 solution. For the experiments
with varying NaCl concentrations, it is seen that there is hardly
any AAS adsorption, over the entire investigated concentration
range.
In a mixed cation (Ca2+ and Na+) solution, the amount of

adsorbed AAS decreased linearly with decreasing fraction of
CaCl2. However, Na

+ competed for some adsorption sites and
an estimation of the maximum competitive sites that Na+ took
was about 30%. The significant role of Ca2+ for the adsorption
of AAS to the clay surface was stressed when HS was switched
to LS solutions. The reduction of surfactant adsorption from
HS to LS mainly depended on the decreased amount of Ca2+

and the electric double layer effect was of minor importance.
Furthermore, increasing the temperature from 23 to 65 °C
shows first a small increase of AAS adsorbed followed by a
reduction of AAS adsorbed. The new fundamental under-
standing about cation-dependent surfactant adsorption con-
tributes to optimizing the injection conditions of surfactants,
which is useful to develop more effective EOR approaches and
it could also be applied over a range of disciplines, including
improved remediation strategies for contaminated soil and
groundwater.
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