
Journal of Colloid and Interface Science 408 (2013) 164–172
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier .com/locate / jc is
Adsorption of cationic and anionic surfactants on natural and synthetic
carbonate materials
0021-9797/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jcis.2013.07.006

⇑ Corresponding authors. Fax: +1 7133485478.
E-mail addresses: gjh@rice.edu (G.J. Hirasaki), biswal@rice.edu (S.L. Biswal).
Kun Ma, Leyu Cui, Yezi Dong, Tianlong Wang, Chang Da, George J. Hirasaki ⇑, Sibani Lisa Biswal ⇑
Department of Chemical and Biomolecular Engineering, Rice University, Houston, TX, USA

a r t i c l e i n f o
Article history:
Received 2 May 2013
Accepted 2 July 2013
Available online 18 July 2013

Keywords:
Surfactant adsorption
Carbonate material
Limestone
Dolomite
Calcite
a b s t r a c t

Adsorption of cationic and anionic surfactants on carbonate materials is investigated in this study. Cetyl-
pyridinium chloride (CPC) and sodium dodecyl sulfate (SDS) are chosen as typical cationic and anionic
surfactants, respectively. It is found that the cationic CPC exhibits negligible adsorption on synthetic cal-
cite in deionized water compared with the adsorption of the anionic SDS. However, a substantial amount
of adsorption of CPC is observed on natural carbonates, such as dolomite and limestone. X-ray photoelec-
tron spectroscopy (XPS) reveals that that a substantial amount of silicon and aluminum exists in natural
dolomite and limestone but not in synthetic calcite. The adsorption plateau of CPC on carbonates highly
depends on the silicon composition in the carbonate samples due to the strong electrostatic interaction
between CPC and negative binding sites in silica and/or clay. The adsorption of CPC on natural carbonates
is reduced in the presence of 1 atm CO2 compared with the case under 1 atm air, while SDS precipitates
out of the solution under 1 atm CO2 due to its intolerance to divalent ions released from the carbonate
surface as a result of CO2 acidification.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Surfactants are commonly used in enhanced oil recovery (EOR)
processes for various purposes, including reduction of oil/water
interfacial tension, wettability alteration, and foam generation
[1]. Examples of these processes were reported in the literature
such as high-temperature, high-salinity surfactant flooding [2,3],
alkaline/surfactant/polymer (ASP) flooding [4–6] and foam mobil-
ity control [7–12]. Different EOR processes require different strat-
egies to optimize the surfactant selection, and the choice of
surfactants highly depends on the conditions of oil reservoirs.
Among all different surfactant-based EOR processes at various con-
ditions, a critical requirement for surfactants is that adsorption on
reservoir formation be low to ensure effective propagation of the
surfactants in porous media. High adsorption on reservoir forma-
tion leads to chromatographic retardation of the surfactants when
they transport through a reservoir, making the designed EOR pro-
cesses inefficient and economically unfeasible.

Oil reservoirs are generally divided into two categories based on
the formation rocks: sandstone and carbonate. In sandstone reser-
voirs, anionic surfactants are usually preferentially employed due
to the relatively low adsorption compared with other types of sur-
factants (cationics, nonionics and zwitterionics) [13–16]. Typical
sandstone contains large amount of quartz (silica, SiO2) and small
amount of carbonate and silicate minerals [14,17], and the compo-
sition depends on the sedimentology of the reservoir formation.
Electrostatic interactions play a governing role over other forces
in surfactant adsorption in systems where both the surfactants
and the solid surface are charged [18]. Silica bears negative charge
over a large range of pH (the isoelectric point (IEP) of silica is 1.7–
3.5 [19]) and the electrostatic repulsion between the formation and
the anionic surfactants inhibits the adsorption [20]. However,
some clay minerals (mainly kaolinite and illite) in sandstone may
cause certain amount of adsorption of anionic surfactants [17,21]
because of the heterogeneous surface charge in clay [22,23]. In this
case, the adsorption is dependent on how the clay minerals spread
over the surface of sandstone.

In carbonate reservoirs, the surface chemistry of carbonates in
aqueous solutions has an important influence on surfactant
adsorption. Complex dissolution behavior was found in the salt-
like minerals in carbonate formations, such as calcite (CaCO3),
dolomite (CaMg(CO3)2) or magnesite (MgCO3) [24–27]. The elec-
trokinetic data of the IEPs of calcite were summarized by Wolthers
et al., which ranged from 7.8 to 10.6, and were even undetermined
(always positive or negative charged) in some cases within this
range of pH [27]. The value of the IEP of calcite depends on the
sources of materials, the equilibrium time, and the ionic strength
in aqueous solutions. Given the same ionic strength (10�3 -
mol dm�3 NaCl) in the pH range of 7–11, it was found that the nat-
ural calcite (Polcarb, ECC International) was more negatively
charged than the synthetic calcite (Socal-U1, Solvay, UK) [28]. It
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was thought that a very small amount of impurities (clay and/or
silica) possibly led to significant changes of the zeta potential of
calcite in aqueous solution [29].

The complication of surface charge on carbonates makes it chal-
lenging to determine whether anionic or cationic surfactants
should be used to minimize electrostatic interactions between
the surfactants and the formation surfaces. Tabatabai et al. [30]
performed static adsorption experiments to compare the adsorp-
tion of anionic and cationic surfactants on carbonates. An anionic
surfactant, sodium dodecyl sulfate (SDS), and two cationic surfac-
tants, cetylpyridinium chloride (CPC) and dodecylpyridinium chlo-
ride (DPC), were evaluated on natural dolomite (Ward Scientific,
Salasvann, Norway) and synthetic calcite (Aesar, Johnson Matthey
Inc., USA) powder. Their results showed that CPC/DPC exhibited
significantly less adsorption on both dolomite and calcite than that
exhibited by SDS without adjusting pH in the solutions. It was also
shown that divalent ions, such as Ca2+ and Mg2+, can reduce the
adsorption of CPC/DPC on carbonates. In their study, CPC showed
negligible adsorption on synthetic calcite powder compared with
SDS, and the presence of 0.05 M CaCl2 or MgCl2 turned the adsorp-
tion of CPC on calcite to be negative. The presence of divalent ions
makes the surface of carbonates more positively charged, and the
coulombic interactions repelled CPC from the interfacial region.
However, negative adsorption was not observed in the case of
DPC on either dolomite or calcite.

Other researchers, however, did not show the advantage of low
adsorption on carbonates using cationic surfactants instead of an-
ionic surfactants. For example, on an ordinary garden grade lime-
stone, the adsorption plateaus of the cationic surfactants
decyltrimethylammonium bromide (C12TAB) and tetradecyltrime-
thylammonium bromide (C14TAB) were 5.70 � 10�7 mol/g and
8.25 � 10�7 mol/g, respectively; while the adsorption plateaus of
the anionic surfactants monosodium monodecyldiphenylether
monosulfonate (MAMS) and disodium didecyldiphenylether
disulfonate (DADS) were 1.07 � 10�6 mol/g and 5.12 � 10�7 mol/
g, respectively [31]. In their work, it was also shown that the molar
adsorption on limestone of the cationic gemini surfactants was
much larger than that of their corresponding conventional surfac-
tants due to the increased hydrophobic interaction between the
hydrophobic chains of the surfactants. Another work showed an
adsorption plateau of 6.9 � 10�6 mol/m2 (2.51 mg/m2) for the cat-
ionic cetyltrimethylammonium bromide (C16TAB) on limestone
(containing 99% calcium carbonate) in deionized water [32]. This
value was a substantial amount of adsorption, which was higher
than the adsorption of some ethoxylated anionic surfactants on
synthetic calcite, such as alkyl aryl ethoxylated sulfonated phenol
(Oil Chem 4-22, adsorption plateau 0.9 mg/m2) and alkyl aryl eth-
oxylated sulfonate (Oil Chem SS6566, adsorption plateau 1.3 mg/
m2) [33]. A recent study showed higher adsorption of C16TAB than
SDS on either natural magnesite (magnesite mine Grochow, lower
Silesia, Poland) or natural dolomite (old quarry Kletno, lower Sile-
sia, Poland) in a low-salinity solution containing 10�4 M NaCl [34].
Based on the isotherms reported in their study, the adsorption pla-
teaus of C16TAB were 6.9 and 5.8 mg/m2 on magnesite (pH = 8.5)
and dolomite (pH = 10.4), respectively; while the adsorption pla-
teaus of SDS were 1.1 and 2.2 mg/m2 on magnesite and dolomite,
respectively. Chemical analysis showed that the magnesite and
dolomite used in their work contained 88% and 98% of carbonates,
respectively.

These puzzling results indicate that the source of carbonate
materials can have an important impact on ionic surfactant
adsorption, and cationic surfactants may not have low adsorption
if the material is not pure carbonate. For example, higher adsorp-
tion of octadecyltrimethylammonium bromide (ODTMA) (cationic)
is observed compared with that of SDS (anionic) on various clay
minerals such as montmorillonite and illite [35]. If abundant silica
and/or clay exist in carbonate formation, a substantial amount of
adsorption of cationic surfactants may be expected. To understand
the mechanism of surfactant adsorption on carbonates and guide
the selection of surfactants for EOR processes in carbonate reser-
voirs, we investigate the adsorption of cationic and anionic surfac-
tants with various carbonate materials, including natural and
synthetic carbonate. Possible impurities in natural carbonate, such
as silica and clay, are also investigated in this study. The surface
charge and the surface chemistry are characterized in various
materials to identify the binding sites for cationic and anionic
surfactants.
2. Materials and methods

2.1. Materials

Hexadecylpyridinium chloride monohydrate [C21H38ClN�H2O]
(CPC) and sodium dodecyl sulfate [CH3(CH2)11OSO3Na] (SDS) are
supplied by Sigma–Aldrich. CPC is a cationic surfactant and SDS
is an anionic surfactant.

Four natural carbonate materials, including dolomite and lime-
stone, are used in this work. The particle size in terms of the diam-
eter, surface area, f-potential and source of these materials are
listed in Table 1. The particle size is obtained from either sieve siz-
ing in the laboratory (for dolomite and limestone) or the material
safety data sheet provided by the manufacturer (for calcite, silica
and kaolin). To distinguish different sources of the carbonate sam-
ples, the dolomite samples supplied by Vital Earth/Carl Pool and
Sciencelab.com, Inc are referred as dolomite (Carl Pool) and dolo-
mite (Sciencelab.com), respectively. The limestone samples sup-
plied by Franklin Minerals and Carthage Crushed Limestone are
referred as limestone (Franklin) and limestone (Carthage),
respectively.

Chemical-grade synthetic calcium carbonate (99.5% metals ba-
sis) powder supplied by Alfa Aesar is used a standard calcite sam-
ple. According to the manufacture, this calcite sample has a
uniform size of 5 lm. Fine round silica flour (MIN-U-SIL10, U.S. Sil-
ica Company) is used as a representative silica [SiO2] material. In
order to remove Fe2O3 and other metal oxides in the original sam-
ple, the silica flour is washed with 1 mol/L HCl, 0.01 mol/L NaHCO3

solution and deionized water sequentially and is dried in a convec-
tion oven at 80 �C overnight prior to use. Kaolin [Al2Si2O5(OH)4]
powder (Sigma–Aldrich) is used as a typical clay material in this
study.

The BET (Brunauer–Emmett–Teller) surface areas of the sam-
ples are measured using a Quantachrome Autosorb-3b BET Surface
Analyzer. This instrument utilizes multipoint BET to fit experimen-
tally measured data (11 data points for each sample) using nitro-
gen as the adsorbate gas. The correlation coefficients for the fit to
all samples are larger than 0.999. The results are shown in Table 1.
2.2. Static adsorption experiments

CPC and SDS are dissolved in deionized water at various con-
centrations to serve as initial surfactant solutions, respectively.
The adsorbent material is mixed with surfactant solution in 50-
mL centrifuge tubes at various weight/volume ratios to obtain dif-
ferent data points on the adsorption isotherm. For the experiments
in the presence of 1 atm CO2, CO2 is loaded to the system by
repeatedly applying CO2 above the surface of the solution in the
centrifuge tube at a gauge pressure of 3.4 kPa for one minute to re-
move residual air in the gas phase and shaking the tube for five
seconds after the cap of the centrifuge tube is closed. The chemical
equilibrium with 1 atm CO2 is approached by repeatedly perform-
ing this CO2-displacement and tube-shaking procedure until a sta-



Table 1
Characterization of adsorbent materials used in this study.

Material Diameter BET surface area (m2/
g)

f-potential (mV) HCl-insoluble impurity
(wt%)

Source

Dolomite 674 lm (200+ mesh) 0.97 8.0 ± 3.5 (pH = 10.0) >2.4 Vital Earth/Carl Pool, Gladewater, TX, USA
Dolomite 674 lm (200+ mesh) 0.89 19.5 ± 6.6

(pH = 10.1)
>0.7 Sciencelab.com, Inc. (Catalog# SLD4477), USA

Limestone 420–840 lm (20/40
mesh)

0.29 NAa >1.7 Franklin Minerals, Nolanville, TX, USA

Limestone 6420 lm (40+ mesh) 1.23 29.6 ± 2.7
(pH = 10.0)

>2.8 Carthage Crushed Limestone, Carthage, MO,
USA

Calcite 5 lm 1.65 4.2 ± 7.2 (pH = 9.8) 0 Alfa Aesar (Catalog# 11403), USA
Silica 610 lm 1.16 �47.3 ± 2.5

(pH = 6.0)
NAa U.S. Silica Company, Pacific, MO, USA

Kaolin 0.1–4 lm 26.61 �38.0 ± 7.6
(pH = 4.8)

NAa Sigma–Aldrich (Catalog# K7375), USA

a Not measured.

Table 2
Equilibrium constants for carbonate equilibrium and the dissolution of CaCO3 [41].

Reaction �log10K at 25 �C Definition of K

CaCO3ðsÞ ¼ Ca2þ þ CO2�
3

8.42 KS0 ¼ ½Ca2þ�½CO2�
3 �

H2CO�3 ¼ Hþ þ HCO�3 6.35 K1 ¼ ½Hþ�½HCO�3 �=½H2CO�3�
CO2ðgÞ þH2OðlÞ ¼ H2CO�3 1.47 KH ¼ ½H2CO�3�=PCO2

HCO�3 ¼ Hþ þ CO2�
3

10.33 K2 ¼ ½Hþ�½CO2�
3 �=½HCO�3 �

H2O ¼ Hþ þ OH� 14.0 Kw ¼ ½Hþ�½OH��
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ble pH is achieved. Other dissolved gases in the system are ex-
pected to decrease each time this procedure is performed due to
decreased partial pressure of other gases in the gas phase. The
pH is found to be stabilized at 6.13 after the 8th shaking in a con-
trol experiment with limestone (Franklin) in the absence of surfac-
tants. After 24-h shaking, the pH of the CO2-loaded control system
is 6.17, indicating that the air-tightness of the centrifuge tube is
good and that the control system has reached an equilibrium at a
partial pressure of CO2 close to 1 atm (theoretically pH = 5.95 when
PCO2 = 1 atm at 25 �C as indicated in Table 3).

The centrifuge tubes with adsorbent-dispersed surfactant solu-
tion are subsequently placed on a reciprocal shaker (Model E6010,
Eberbach Corporation) and shaken at 180 osc/min (oscillations per
minute) for at least 24 h at room temperature. After that, the sam-
ples are centrifuged at 8000 rpm for 30 min and the supernatant is
titrated to determine residual (equilibrium) surfactant
concentration.

The concentrations of both CPC and SDS are analyzed by poten-
tiometric titration using an automatic titrator (716 DMS Titrino,
Metrohm USA) and an ion selective electrode (Part No. XT12-
0001, Analytical Sensors & Instrument, Ltd). The titrant used for
measuring CPC concentration is 0.001 mol/L SDS; the titrant used
for measuring SDS concentration is 0.001 mol/L 1,3-didecyl-2-
methyl imidazolinium chloride (TEGO � trant A100) supplied by
Metrohm USA. The pH values of the supernants after centrifugation
are determined by a pH meter (Corning 320). The pH electrode is
calibrated with standard pH calibration solutions (OMEGA Engi-
neering Inc.) at pH of 4 and 7 for measurements in acidic condi-
tions and at pH of 7 and 10 for measurements in alkaline
Table 3
Calculation of pH, ion concentrations and ionic strength in DI water equilibrated with CO

PCO2 in atm pH ½CO2�
3 � in mol/L ½HCO�3

1 5.95 5.62 � 10�7 1.35 �
3.16 � 10�4 8.28 8.13 � 10�6 9.12 �
3.16 � 10�5 8.94 1.70 � 10�5 4.17 �
conditions. The uncertainty of the pH meter is ±0.02, according to
the manufacturer.

The main source of experimental uncertainty in the static sur-
factant adsorption measurements arises from the sample-to-sam-
ple differences rather than the potentiometric titration
measurements. Typical experimental errors in a single sample in
this work are within ±2.0% (error bars not shown in Figs. 1 and
2) using the potentiometric titration technique. However, the
experimental errors from sample to sample appear much larger,
as shown in Figs. 1 and 2. These errors are likely from the differ-
ences in degrees of mixing in the shaking process between surfac-
tant solutions and adsorbent materials in different samples. We
performed experiments using a variety of samples to obtain suffi-
cient data to determine adsorption plateaus with error bars show-
ing differences among different samples in Figs. 5 and 6.

2.3. Characterization of surface chemistry with XPS and XRD

X-ray Photoelectron Spectroscopy (XPS) is performed on the
adsorbent materials using a scanning XPS microprobe (PHI Quan-
tera XPS, Physical Electronics, Inc). At depths of 3–5 nm from the
surface of the sample, the chemical composition is revealed using
XPS. Three parallel experiments are conducted with different sam-
pling spots for each adsorbent to identify the surface heterogeneity
of the material. The atomic composition is attained by analyzing
the characteristic peaks of binding energy through high resolution
scan of the elements.

The HCl-insoluble impurities in carbonate samples are obtained
by dissolving the samples in HCl solution and collecting the insol-
uble solids with centrifugation. In order to make sure that enough
acid is used in the dissolving process, the HCl concentration is
twice the required concentration for dissolving the carbonate sam-
ples predicted by the stoichiometric ratio. Powder X-ray Diffrac-
tion (XRD) is conducted to examine the physico-chemical make-
up of HCl-insoluble solids in natural carbonate samples using Rig-
aku D/Max Ultima II Powder XRD instrument. This instrument uses
Cu Ka radiation with a characteristic wavelength of 1.54 Å. The re-
sults are analyzed with JADE 9.4 data processing software (MDI,
Inc.) using the ICDD (International Center for Diffraction Data)
PDF4+ database to identify the mineralogy.
2 and calcite based on the information in Table 3.

� in mol/L ½Ca2þ� in mol/L Ionic strength in mol/L

10�2 6.76 � 10�3 2.03 � 10�2

10�4 4.68 � 10�4 1.41 � 10�3

10�4 2.24 � 10�4 6.95 � 10�4



 (c) kaolin (Sigma Aldrich)  

(a) calcite (Alfa Aesar)                         (b) silica (Min-U-Sil 10) 

Fig. 1. Comparison of static adsorption of SDS and CPC on synthetic calcite, silica and kaolin in DI water at room temperature. The pH is not adjusted with either acid or
alkaline.
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2.4. f potential measurements

The f potential measurements follow the procedure of Jiang
et al. [23] with a slight modification. The samples are prepared in
0.01 mol/L NaCl solution with a suspension of 1.0 wt% absorbent
material. Unless otherwise specified, the pH or ionic strength of
the suspension is not adjusted. The mixture is subsequently shaken
overnight at 180 osc/minute to reach equilibrium. Before each
measurement, the mixture is taken out from the shaker and settled
for 30 min to obtain a stable suspension after sedimentation of lar-
ger particles.

The f potential of the suspension is measured by a zeta poten-
tial analyzer (ZetaPALS, Brookhaven Instruments Corporation).
Each sample is analyzed by ZetaPALS through 10 repetitive mea-
surements. The average f potential of 10 measurements is chosen
as the f potential value of the sample.
3. Results and discussion

3.1. Results of f potential and static adsorption

Fig. 1 shows a comparison of static adsorption between CPC and
SDS on synthetic calcite powder, silica flour and kaolin powder.
The average pH indicated in Fig. 1 is not adjusted with either acid
or alkali, which reflects the natural interactions between surfactant
solution and mineral surface. The adsorption of CPC on synthetic
calcite is negligible compared with that of SDS as indicated in
Fig. 1(a), which is consistent with the literature [30]. Some of the
data points show negative adsorption of CPC on calcite surface in
Fig. 1(a). This means that the concentration of CPC in the vicinity
of calcite surface is lower than that in the bulk, which is presum-
ably caused by the strong electrostatic repulsion between the cat-
ionic CPC and the positively-charged calcium ions on calcite. The f-
potential of calcite is close to zero (4.2 ± 7.2 mV) at a pH of 9.8 (Ta-
ble 1), which is consistent with the finding in the literature for syn-
thetic calcite suspended in 0.01 mol/L NaCl solution with an
isoelectric pH of 9.6 [36]. Since the surface of calcite is not strongly
charged near a pH around 10, it is likely that the electrostatic
attraction between CPC and negatively-charged carbonate ions at
the calcite surface is weak compared with the repulsion between
CPC and calcium ions.

Table 1 shows a negative zeta potential (�47.3 ± 2.5 mV) when
silica flour is suspended in 0.01 mol/L NaCl solution. At a pH
around 8 the silica surface is strongly negatively charged. High
adsorption of positively-charged CPC and negligible adsorption of
negatively-charged SDS on silica flour are observed in Fig. 1(b).
The behavior is completely opposite to the case with synthetic cal-
cite in Fig. 1(a). Therefore, if natural carbonates contain a substan-
tial amount of silica, significant adsorption of CPC may occur.

We use kaolin as a typical clay material to compare the adsorp-
tion of CPC and SDS. An acidic condition (pH = 4.8) is observed
when kaolin is suspended in 0.01 mol/L NaCl solution as shown
in Table 1. The zeta potential of kaolin under this condition is



(a) dolomite (Carl Pool)      (b) dolomite (ScienceLab.com) 

(c) limestone (Franklin)                      (d) limestone (Carthage) 

Fig. 2. Comparison of static adsorption of SDS and CPC on various natural carbonates in DI water at room temperature. The pH is not adjusted with either acid or alkaline.
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�38.0 ± 7.6 mV, which indicates an overall negative surface charge.
It was reported that an increase in pH led to a more negatively-
charged kaolin surface [23,37]. As shown in Fig. 1(c), both the cat-
ionic CPC and the anionic SDS adsorb onto kaolin, because both po-
sitive and negative binding sites exist on this mineral surface
depending on pH [23,38,39]. An increase in pH alters the charge
on the edges of kaolin, which can further reduce the adsorption
of SDS [38]. The basal planes of kaolin are unconditionally nega-
tively charged, which causes a substantial adsorption of CPC as
shown in Fig. 1(c). If kaolin is found to be an impurity in natural
carbonate sample, the negative binding sites in kaolin may cause
significant adsorption of CPC especially in alkaline conditions.

As shown in Table 1, these carbonate materials are collected
from different places in the US and used without further purifica-
tion. It has been noted that a very small amount of impurities in
natural carbonates can possibly provide significant variations in
zeta potential measurements [40]. In Table 1 we observe that the
zeta potential of various natural carbonate samples suspended in
0.01 mol/L NaCl solution ranges from 8.0 to 29.6 mV, while the
pH is somehow close to each other. Therefore, the effect of impu-
rities on surfactant adsorption should not be ignored.

Fig. 2 shows the comparison of adsorption of SDS and CPC on
four natural carbonates in terms of mass adsorbed per unit surface
area. In Fig. 2(a), SDS and CPC show almost the same adsorption
plateaus slightly above 1 mg/m2 on dolomite (Carl Pool). However,
the adsorption of SDS is substantially higher than that of CPC on
dolomite (ScienceLab.com) (Fig. 2(b)) and limestone (Carthage)
(Fig. 2(d)), and much lower than that of CPC on limestone (Frank-
lin) (Fig. 2(c)). The absolute amount of adsorption in terms of mass
per unit surface area also varies a lot with different minerals. Com-
pared with the base case of synthetic calcite in Fig. 1(a), the most
probable key factor which plays an important role in SDS/CPC
adsorption is the amount and distribution of impurities in natural
carbonate materials.

3.2. Surface characterization by XPS and XRD

We characterize the atomic surface composition of various min-
erals using X-ray photoelectron spectroscopy (XPS). Fig. 3 shows
the comparison of the XPS results for the elements calcium (Ca),
magnesium (Mg), aluminum (Al) and silicon (Si). The elements car-
bon (C) and oxygen (O) are also observed in all carbonate samples,
however, they are not shown in Fig. 3 since they have no apparent
contribution to the cationic CPC adsorption on calcite (Fig. 1(a))
and the anionic SDS mainly interacts with Ca and Mg rather than
C and O.

Ca is observed in all carbonate minerals (samples 1–5) but not
in kaolin (sample 6) or silica (sample 7). Significant amount of
Mg is observed in dolomite (samples 1–2) but not in calcite (sam-
ple 5). Small amount of Mg exists in limestone (samples 3–4).
These observations are all consistent with the typical chemical
compositions of these minerals.

What is of interest is the amount of Si and Al in natural carbon-
ates. As shown in Fig. 3, Si is found in all four natural carbonates
(samples 1–4), while Al is found in all carbonate samples except
the dolomite from ScienceLab.com. Neither Si nor Al is found in



Fig. 5. Correlation between surfactant adsorption plateau and XPS results of
carbonate minerals. (a) Comparison of SDS and CPC adsorption plateaus on
carbonate minerals in terms of the atomic ratio of (Si)/(Ca + Mg + Al); (b) Adsorp-
tion plateau ratios of CPC/SDS on carbonate minerals in terms of the atomic ratio of
(Si)/(Ca + Mg + Al).The pH is not adjusted with either acid or alkaline as shown in
Figs. 1(a) and 2.

Fig. 3. Comparison of atomic composition of various materials measured by X-ray
photoelectron spectroscopy (XPS).

Fig. 4. Analysis of HCl-insoluble impurities with X-ray Diffraction (XRD) from top
to bottom: (a) dolomite (Carl Pool); (b) dolomite (ScienceLab.com); (c) limestone
(Franklin); (d) limestone (Carthage). The bottom of the stackplot (figure (d)) shows
the reference pattern of SiO2 normalized by the highest peak.
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the synthetic calcite powder (sample 5). These findings may ex-
plain why there is such a large difference in SDS/CPC adsorption
on different carbonates. Si and Al usually exist in the form of silica
and clay on natural carbonate samples. The existence of silica and
clay in natural carbonates can provide strong negative binding
sites to adsorb cationic surfactants such as CPC, mainly through
electrostatic interactions.

We use XRD to investigate what minerals exist in the HCl-insol-
uble impurities of natural carbonates which contribute to the sig-
nificant differences in adsorption behavior of ionic surfactants. In
Fig. 4, we include a reference pattern of SiO2 normalized by the
highest peak at the bottom of the stackplot, obtained from the
ICDD PDF4+ database. The results shown in Fig. 4 indicate that
the majority of the HCl-insoluble impurities in all four natural car-
bonate samples is silica (SiO2). Quantitative determination of the
silica is not made for the HCl-insoluble samples due to the uncer-
tainty in finding exact compositions of minor and trace compo-
nents. As aluminum is also found in natural carbonate samples
using XPS, it may exist as the minority component in the HCl-insol-
uble impurities in various forms. For example, qualitative minor
component analysis in Fig. 4(d) indicates the existence of musco-
vite (a phyllosilicate mineral) or fuchsite (a green, chromium-rich
variety of muscovite) in this sample (Carthage limestone) accord-
ing to the ICDD database.

We collect the adsorption plateaus of SDS and CPC from Figs. 1
and 2 for five carbonate samples. Fig. 5(a) shows the change in
adsorption plateaus of SDS and CPC with the atomic ratio of (Si)/
(Ca + Mg + Al) of the carbonate minerals. The trend indicates that
the adsorption plateau of CPC increases with the atomic ratio of
(Si)/(Ca + Mg + Al), while the adsorption plateau of SDS appears
not to be a monotonic function of the atomic ratio of (Si)/(Ca + M-
g + Al). This observation indicates that low adsorption of CPC oc-
curs on natural carbonates with low Si content.

Fig. 5(b) compares the adsorption plateaus of CPC and SDS in
Fig. 5(a) by plotting the plateau ratio CPC/SDS with the atomic ratio
of (Si)/(Ca + Mg + Al). Based on the five data points shown in
Fig. 5(b), it is observed that the adsorption plateau ratio of CPC/



   (e) limestone (Carthage) 

                   (a) calcite (Alfa Aesar)                 (b) dolomite (Carl Pool)                   

              (c) dolomite (ScienceLab.com)   (d) limestone (Franklin)                  

Fig. 6. Comparison of adsorption plateaus of SDS and CPC on various carbonate materials in DI water at room temperature in the absence and presence of 1 atm CO2. In
addition to the CO2 effect, The pH is not adjusted with other acid or alkali.
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SDS increases with the atomic ratio of (Si)/(Ca + Mg + Al) of the
minerals at low Si regions (less than 10%). Thus, the cationic CPC
can be advantageous over the anionic SDS in terms of low adsorp-
tion if the carbonate minerals have low Si and Al. The adsorption



Fig. 7. Proposed mechanisms for CPC/SDS adsorption on natural carbonates in the
presence/absence of CO2. (a) CPC adsorption on natural carbonates in DI water
equilibrated with 1 atm air; (b) SDS adsorption on natural carbonates in DI water
equilibrated with 1 atm air; (c) CPC adsorption on natural carbonates in DI water
equilibrated with 1 atm CO2; (d) SDS adsorption on natural carbonates in DI water
equilibrated with 1 atm CO2.
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plateau ratio of CPC/SDS varies a lot when the atomic ratio of (Si)/
(Ca + Mg + Al) becomes high (more than 40%). This indicates that
complex electrostatic interactions occur when natural carbonates
contain a large amount of silica and clay.

3.3. The influence of CO2 on surfactant adsorption

It is crucial to understand the influence of CO2 on surfactant
adsorption especially in CO2 foam EOR processes. In the following
analysis, we estimate ion concentrations without surfactants in the
presence of CO2 in order to investigate how CO2 affects the chem-
ical equilibrium in the calcite/water system. In the absence of sur-
factants, the interaction of CO2 with calcite in DI water involves the
5 reactions [41] listed in Table 2:

According to Table 2 we have the following equations when all
species are in equilibrium state:

½HCO�3 � ¼ K1½H2CO�3�=½H
þ� ¼ K1KHPCO2=½H

þ� ð1Þ

½CO2�
3 � ¼ K2½HCO�3 �=½H

þ� ¼ K2K1KHPCO2=½H
þ�2 ð2Þ

½OH�� ¼ Kw=½Hþ� ð3Þ

½Ca2þ� ¼ KS0=½CO2�
3 � ¼ ½H

þ�2KS0=ðK2K1KHPCO2 Þ ð4Þ

Considering the charge balance in aqueous phase, we have Eq.
(5) in the system:

2½Ca2þ� þ ½Hþ� ¼ ½HCO�3 � þ 2½CO2�
3 � þ ½OH��: ð5Þ

By substituting Eqs. (1)–(4) into Eq. (5) one can get Eq. (6):

2½Hþ�2KS0=ðK2K1KHPCO2 Þ þ ½H
þ�

¼ K1KHPCO2=½H
þ� þ 2K2K1KHPCO2=½H

þ�2 þ Kw=½Hþ� ð6Þ

The only unknown variable in Eq. (6) is the hydrogen ion con-
centration [H+] or the pH (pH = �log10[H+]) once the partial pres-
sure of CO2 (PCO2 ) is given. A simple way to estimate the pH is to
try a series of pH values in Eq. (6) using a spreadsheet in Microsoft
Excel. With an increment of 0.01, the pH which corresponds to a
particular CO2 partial pressure can be found with a precision of
three significant digits. Eq. (6) can also be solved with iteration
methods. After getting the pH, the concentrations of bicarbonate,
carbonate, hydroxide and calcium ions in aqueous phase can be ob-
tained through Eqs. (1)–(4). The ionic strength (I) of the solutions is
calculated using Eq. (7), in which Ci is the molar concentration of
ion i (mol/L) and zi is the charge number of that ion.

I ¼ 1
2

Xn

i¼1

z2
i Ci ð7Þ

The results for 1 atm CO2, 1 atm air with a CO2 partial pressure
of 3.16 � 10�4 atm (typical amount of CO2 in air) and 3.16 � 10�5 -
atm are shown in Table 3. The presence of 1 atm CO2 lowers the pH
of DI water to around 6.0 in equilibrium with calcite and increases
the concentration of calcium ions by an order of magnitude. A de-
crease in carbonate ions and an increase in bicarbonate ions in the
aqueous phase are also found when the partial pressure of CO2 in-
creases. The increase in ionic strength in the aqueous phase with
the increase in CO2 partial pressure in the gas phase indicates min-
eral dissolution from the calcite surface.

The results of CPC/SDS static adsorption on various carbonates
under 1 atm CO2 are compared with the cases under 1 atm air in
Fig. 6. In the presence of 1 atm CO2, the pH of the CPC system is re-
duced to between 6.1 and 6.2 at the end of the 24-h adsorption
experiments in all five cases. The measured pH is close to the
calculated value in the absence of surfactant (5.95 as shown in
Table 3). The presence of 1 atm CO2 acidifies the surfactant solu-
tion, and this process is expected to make the carbonate surface
more positively charged. As shown in Fig. 6(a), this effect on CPC
adsorption on synthetic calcite is insignificant compared with
other cases, presumably due to the weak electrostatic interaction
between CPC and calcite even in the absence of CO2. Interestingly,
the presence of 1 atm CO2 leads to negative adsorption of CPC on
dolomite (Carl Pool) and dolomite (ScienceLab.com) as indicated
in Fig. 6(b) and (c). To our knowledge, this is the first time that neg-
ative adsorption of CPC on natural carbonates is observed. Com-
pared with the case of synthetic calcite, it is possible that the
interaction between CO2 and silica and clay on the surface of dolo-
mite plays an important role in creating additional strength in
electrostatic repulsion between CPC and the dolomite surface.
The presence of 1 atm CO2 also reduces the adsorption of CPC on
limestone (Franklin) and on limestone (Carthage), as shown in
Fig. 6(d) and (e), respectively. These findings imply the advantage
of low adsorption by using CPC in CO2 foam processes on carbonate
formation. The suggested mechanisms for this adsorption reduc-
tion are shown in Fig. 7(a) and (c). At equilibrium, brine with a
fugacity of CO2 equal to one atmosphere will become saturated
or even supersaturated with calcium and/or magnesium ions when
in contact with calcite or dolomite surfaces. These ions may be-
come potential determining ions (in addition to the hydronium
ion and the carbonate ions) that can deposit a surface layer of cal-
cite or dolomite onto the silica surface sites. Thus the surface
charge of a surface containing silica at a pH in equilibrium with cal-
cite or dolomite may have a surface charge closer to that of the cal-
cite or dolomite than that of the original silica in soft brine. The
surface charge of the silica sites is strongly influences by brine
conditions.

Fig. 6 also indicates that no adsorption plateau is observed for
SDS adsorption on carbonates under 1 atm CO2 in all five cases.
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The experimentally measured adsorption values increases almost
linearly with equilibrium SDS concentration, which is a typical sur-
factant precipitation behavior. The precipitated SDS is separated
from the bulk solution after centrifugation, leading to high appar-
ent adsorption when initial SDS concentration is high. The pres-
ence of 1 atm CO2 significantly increases divalent ion
concentrations as shown in Table 3. As illustrated graphically in
Fig. 7(b) and (d), the precipitation of SDS on carbonates under
1 atm CO2 is due to strong electrostatic interactions between the
multivalent counterion (dissolved Ca2+ and Mg2+ in this case) and
sulfate surfactants [42,43] and subsequent formation of calcium
salt of the anionic surfactant [44–46]. Therefore, SDS should not
be used alone by itself for CO2 EOR processes in carbonate reser-
voirs even in soft brine from practical standpoint. However, this
precipitation problem can be avoided by using ethoxylated anionic
surfactants such as sodium lauryl ether sulfate (3EO) (STEOL CS-
330, Stepan). The ethoxy groups on sulfate surfactant add tolerance
to divalent ions [1,47]. STEOL CS-330 has also exhibited lower
adsorption than sulfonate surfactants without ethoxylation such
as sodium (C1618) alpha olefin sulfonate and sodium (C1518)
internal olefin sulfonate on natural dolomite surfaces in DI water
[48]. Another way to enhance the solubility of calcium dodecyl sul-
fate is to add certain amount of nonionic surfactants to the system
[44,49]. Nonionic surfactants are also reported to have low adsorp-
tion on natural dolomite due to weak electrostatic interactions
with carbonate surfaces [48].

4. Conclusions

In summary, the adsorption of the cationic surfactant CPC and
the anionic surfactant SDS on carbonates is investigated in this
study. CPC shows negligible adsorption on synthetic calcite but
high adsorption on some of the natural carbonates. A substantial
amount of silicon and aluminum is found in natural dolomite
and limestone, but not in synthetic calcite using X-ray photoelec-
tron spectroscopy. The adsorption plateau of CPC on carbonates
highly depends on the silicon composition in the carbonate sam-
ples due to the strong electrostatic interaction between CPC and
negative binding sites in silica and/or clay. Compared with the
adsorption of SDS, the advantage of low adsorption on carbonates
using CPC is only valid when the silicon composition is low. The
presence of CO2 acidifies the surfactant solution and releases more
divalent ions from the carbonate surface into the solution, causing
precipitation of SDS regardless the amount of impurities in the car-
bonate sample. The adsorption of CPC on natural carbonates is less
under 1 atm CO2 than the one under 1 atm air.

Acknowledgments

We acknowledge financial support from the Abu Dhabi National
Oil Company (ADNOC), the Abu Dhabi Oil R&D Sub-Committee,
Abu Dhabi Company for Onshore Oil Operations (ADCO), Zakum
Development Company (ZADCO), Abu Dhabi Marine Operating
Company (ADMA-OPCO) and the Petroleum Institute (PI), U.A.E
and partial support from the US Department of Energy (under
Award No. DE-FE0005902).

We thank Prof. Michael S. Wong and Dr. Gautam Kini for the
training and assistance in zeta potential measurements, Dr. Bo
Chen for XPS measurements, Prof. Emilia Morosan and Dr. Liang
Zhao for the interpretation of XRD results, and Dr. Yu Bian for assis-
tance in BET measurements at Rice University.

References

[1] G.J. Hirasaki, C.A. Miller, M. Puerto, SPE J. 16 (2011) 889.
[2] M. Puerto, G.J. Hirasaki, C.A. Miller, J.R. Barnes, SPE J. 17 (2012) 11.
[3] G. Sharma, K.K. Mohanty, in: SPE Annual Technical Conference and Exhibition

(SPE 147306), Denver, Colorado, USA, 2011.
[4] P.H. Krumrine, J.S. Falcone, T.C. Campbell, Soc. Petrol. Eng. J. 22 (1982) 503.
[5] S.H. Liu, D.L. Zhang, W. Yan, M. Puerto, G.J. Hirasaki, C.A. Miller, SPE J. 13 (2008)

5.
[6] R. Farajzadeh, T. Matsuura, D. van Batenburg, H. Dijk, SPE Reservoir Eval. Eng.

15 (2012) 423.
[7] R.F. Li, W. Yan, S.H. Liu, G.J. Hirasaki, C.A. Miller, SPE J. 15 (2010) 934.
[8] G.J. Hirasaki, J. Pet. Technol. 41 (1989) 449.
[9] A. Andrianov, R. Farajzadeh, M.M. Nick, M. Talanana, P.L.J. Zitha, Ind. Eng.

Chem. Res. 51 (2012) 2214.
[10] R. Farajzadeh, A. Andrianov, R. Krastev, G.J. Hirasaki, W.R. Rossen, Adv. Colloid

Interface Sci. 183 (2012) 1.
[11] K. Ma, R. Liontas, C.A. Conn, G.J. Hirasaki, S.L. Biswal, Soft Matter 8 (2012)

10669.
[12] K. Ma, J.L. Lopez-Salinas, M.C. Puerto, C.A. Miller, S.L. Biswal, G.J. Hirasaki,

Energy Fuels 27 (2013) 2363.
[13] J.B. Lawson, in: SPE Symposium on Improved Methods of Oil Recovery (SPE

7052), Tulsa, Oklahoma, USA, 1978.
[14] K. Mannhardt, L.L. Schramm, J.J. Novosad, SPE Adv. Technol. 8 (1993).
[15] K. Mannhardt, L.L. Schramm, J.J. Novosad, Colloids Surf. 68 (1992) 37.
[16] M.A. Muherei, R. Junin, A.B. Bin Merdhah, J. Pet. Sci. Eng. 67 (2009) 149.
[17] W. Kwok, H.A. Nasreldin, R.E. Hayes, J. Can. Pet. Technol. 32 (1993) 39.
[18] R. Zhang, P. Somasundaran, Adv. Colloid Interface Sci. 123 (2006) 213.
[19] M. Kosmulski, Chemical Properties of Material Surfaces, Marcel Dekker, New

York, 2001.
[20] A. Thibaut, A.M. Misselyn-Bauduin, J. Grandjean, G. Broze, R. Jerome, Langmuir

16 (2000) 9192.
[21] S. Iglauer, Y.F. Wu, P. Shuler, Y.C. Tang, W.A. Goddard, J. Pet. Sci. Eng. 71 (2010)

23.
[22] E. Tombacz, M. Szekeres, Appl. Clay Sci. 34 (2006) 105.
[23] T.M. Jiang, G.J. Hirasaki, C.A. Miller, Energy Fuels 24 (2010) 2350.
[24] P. Somasundaran, G.E. Agar, J. Colloid Interface Sci. 24 (1967) 433.
[25] J.J. Predali, J.M. Cases, J. Colloid Interface Sci. 45 (1973) 449.
[26] A. Hiorth, L.M. Cathles, M.V. Madland, Transp. Porous Media 85 (2010) 1.
[27] M. Wolthers, L. Charlet, P. Van Cappellen, Am. J. Sci. 308 (2008) 905.
[28] N. Vdovic, J. Biscan, Colloids Surf., A 137 (1998) 7.
[29] T.S. Berlin, A.V. Khabakov, Geochemistry 3 (1961) 217.
[30] A. Tabatabai, M.V. Gonzalez, J.H. Harwell, J.F. Scamehorn, SPE Reservoir Eng. 8

(1993) 117.
[31] M.J. Rosen, F. Li, J. Colloid Interface Sci. 234 (2001) 418.
[32] N.I. Ivanova, I.L. Volchkova, E.D. Shchukin, Colloids Surf., A 101 (1995) 239.
[33] A. Seethepalli, B. Adibhatla, K.K. Mohanty, SPE J. 9 (2004) 411.
[34] A. Bastrzyk, I. Polowczyk, E. Szelag, Z. Sadowski, Physicochem. Probl. Miner. 48

(2012) 281.
[35] M.J. Sanchez-Martin, M.C. Dorado, C. del Hoyo, M.S. Rodriguez-Cruz, J. Hazard.

Mater. 150 (2008) 115.
[36] A. Pierre, J.M. Lamarche, R. Mercier, A. Foissy, J. Persello, J. Dispersion Sci.

Technol. 11 (1990) 611.
[37] Y. Yukselen, A. Kaya, Water Air Soil Pollut. 145 (2003) 155.
[38] X. Qun, T.V. Vasudevan, P. Somasundaran, J. Colloid Interface Sci. 142 (1991)

528.
[39] Z.H. Zhou, W.D. Gunter, Clays Clay Miner. 40 (1992) 365.
[40] P. Moulin, H. Roques, J. Colloid Interface Sci. 261 (2003) 115.
[41] W. Stumm, J.J. Morgan, Aquatic Chemistry: Chemical Equilibria and Rates in

Natural Waters, third ed., Wiley, New York; Chichester, 1996.
[42] G.J. Hirasaki, J.B. Lawson, SPE Reservoir Eng. 1 (1986) 119.
[43] H. Iyota, T. Tomimitsu, M. Aratono, Colloid. Polym. Sci. 288 (2010) 1313.
[44] N. Homendra, C.I. Devi, Indian J. Chem. Technol. 11 (2004) 783.
[45] M.F. Cox, K.L. Matheson, J. Am. Chem. Soc. 62 (1985) 1396.
[46] K.L. Matheson, M.F. Cox, D.L. Smith, J. Am. Chem. Soc. 62 (1985) 1391.
[47] W.T. Adams, V.H. Schievelbein, SPE Reservoir Eng. 2 (1987) 619.
[48] K. Ma, Transport of Surfactant and Foam in Porous Media for Enhanced Oil

Recovery Processes, PhD Thesis, Rice University, 2013.
[49] X.J. Fan, P. Stenius, N. Kallay, E. Matijevic, J. Colloid Interface Sci. 121 (1988)

571.

http://refhub.elsevier.com/S0021-9797(13)00646-2/h0005
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0010
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0020
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0025
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0025
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0030
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0030
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0035
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0040
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0045
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0045
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0050
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0050
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0055
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0055
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0060
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0060
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0240
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0070
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0075
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0080
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0085
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0090
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0090
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0090
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0095
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0095
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0100
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0100
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0105
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0110
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0115
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0120
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0125
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0130
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0135
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0140
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0145
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0145
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0150
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0155
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0160
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0165
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0165
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0170
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0170
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0175
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0175
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0180
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0185
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0185
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0190
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0195
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0200
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0200
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0200
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0205
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0210
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0215
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0220
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0225
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0230
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0235
http://refhub.elsevier.com/S0021-9797(13)00646-2/h0235

	Adsorption of cationic and anionic surfactants on natural and synthetic carbonate materials
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Static adsorption experiments
	2.3 Characterization of surface chemistry with XPS and XRD
	2.4 ζ potential measurements

	3 Results and discussion
	3.1 Results of ζ potential and static adsorption
	3.2 Surface characterization by XPS and XRD
	3.3 The influence of CO2 on surfactant adsorption

	4 Conclusions
	Acknowledgments
	References


