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Carboxylate  adsorption  on  mineral
surfaces  is studied  with  Quartz  Crys-
tal  Microbalance.
On  silica,  Ca2+ can  promote  carboxy-
late adsorption  via  ion-bridges.
On  alumina,  carboxylates  adsorb
mainly via  ligand  exchange,  even  in
presence  of  Ca2+.
On  gibbsite,  carboxylates  and
Cl− adsorb  competitively  via
pre-adsorbed  Ca2+.
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a  b  s  t  r  a  c  t

We  chose  water-soluble  sodium  hexanoate  as a model  organic  molecule  to study  the  role  of salt  ions
(Ca2+, Na+, Cl−)  in  the adsorption  of  carboxylates  to mineral  surfaces  (silica,  alumina,  gibbsite)  of  variable
surface  charge  and chemistry.  Quartz  crystal  microbalance  (QCM-D)  measurements  reveal  a qualitatively
different  dependence  of  the  adsorption  behavior  on  the  electrolyte  composition  for  the  different  surfaces
at  near  neutral  pH.  Overall,  hexanoate  adsorption  is  more  pronounced  on  the  positively  charged  alumina
surfaces  than  on  negatively  charged  silica  surfaces.  On  silica,  however,  Ca2+ ions  strongly  enhance  the
adsorption  of  hexanoate,  suggesting  that the  divalent  cations  act as bridges  between  carboxylate  and
deprotonated  silanol  surface  groups.  On  alumina,  hexanoate  adsorption  is found  to  depend  only weakly
CM-D
igand exchange
ation bridging

on the  salt  composition,  suggesting  a direct  interaction  of the carboxylate  group  with  the surface,  con-
sistent  with  a  ligand-exchange  mechanism.  The  adsorption  behavior  on  partially  gibbsite-covered  silica
surfaces  is  particularly  rich  and  displays  a strong  non-monotonic  dependence  on  the  CaCl2 concentra-
tion.  Comparison  to  earlier  work  and  control  experiments  suggest  an  important  role  of  Cl− anions,  which
compete  with  the  carboxylate  group  for adsorption  sites.

©  2016  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Adsorption of organic molecules and other species at mineral
(clay) water interfaces has been studied for a long time but still
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ttracts great interest of researchers. This is because the adsorp-
ion phenomena can have a multitude of effects: they can alter the
ettability of macroscopic substrates [1], tune the rheology of par-

icle suspensions [2], modify the sorptive properties [3], etc. As a
esult, this phenomenon is critical to many industrial applications
uch as water treatment [4], nanocomposites fabrication [5] and oil
ecovery [6,7].

Clay also known as phyllosilicate, mainly consists of alumi-
osilicate layers, containing silicon dioxide tetrahedral sheets and
luminum oxyhydroxyl octahedral sheets. Therefore in many fun-
amental studies silica, alumina or gibbsite are used as models
f clay minerals. In particular, studies on interactions between
rganic molecules like carboxylates and the above mineral surfaces
ave been conducted [8–12], because carboxylates are commonly

ound in nature as well as in industrial processes. Effects of pH and
onic strength on the adsorption process have been well covered
y several works [8,12–15]. However, only few studies were so
ar aimed at comparing the adsorption behaviors of carboxylates
n different substrates and at different aqueous ion compositions
including salt mixtures). An exception is the recent work of Juhl,
ho reported that the bonding strength between a carboxylate

nd an alumina surface changes with the solution salinity, and
hat divalent ions can replace adsorbed monovalent ions on oxide
urfaces [16]. Understanding the adsorption mechanism of car-
oxylates at the different clay surfaces, including the competition
etween ions during this process, would help to understand many

ndustrial processes.
A good example is given by the water flooding process, which

s routinely practiced in oil recovery to release (more) hydrocar-
ons from the subsurface. Traditionally, (highly saline) sea water

s injected into the rock reservoir to repel the mobilized oil from
he rock surface. However, it was recently found that the recovery
an be enhanced by flooding with low salinity solutions [17,18].
his low salinity effect has been attributed to an alteration of
he wettability: the rock becomes more water-wet when organic

aterial is desorbed from the clay surface. However the underly-
ng microscopic mechanisms behind the ad/desorption of organic

olecules and other species at clay-mineral surfaces are still not
larified. In previous works, some progress was made along this
ine. Langmuir–Blodgett films were studied to demonstrate the role
f divalent cations as bridging ions between silica substrates and
tearic acid molecules [19]. Additionally, atomic resolution AFM
as used to examine specific ion adsorption on gibbsite surfaces

20].
In this paper, we investigate the adsorption of a water solu-

le, short-chain carboxylate (hexanoate) on various oxide surfaces
silica, alumina and gibbsite). The aim is to understand the role of
ations in particular from mixed electrolytes on the adsorption of
arboxylate, as well as the adsorption mechanism of carboxylate
n these oxides. The pH value was chosen to be around 7, which

s close to the natural conditions. In this regime, the dissociation
f the carboxylic acid and the surface charges of the oxides (silica,
lumina and gibbsite) surfaces are all sensitive to the pH. Besides
ifferent concentrations of hexanoate, also various compositions of
aCl and CaCl2 solutions were explored.

The principal technique we have used is the measurement of
dsorbed mass using a Quartz Crystal Microbalance capable of
uantifying also dissipation (QCM-D). Careful application of this
ensitive method allowed us (for the first time) to perform semi-
uantitative measurements of the adsorption isotherm for these
ery small molecules. To support our data analysis, also Atomic
orce Microscopy (AFM) experiments were performed; these mea-

urements provided information about the state of charge of the
are substrates. Based on the combined data, adsorption mecha-
isms on different solid surfaces are proposed.
ochem. Eng. Aspects 494 (2016) 30–38 31

2. Experimental

2.1. Materials

Sodium hexanoate (C6), Hexanoic acid, CaCl2·2H2O, and NaCl
were obtained from Sigma–Aldrich and used without further
purification. Deionized water with a resistivity of 18.2 M� cm
(Synergy-UV, Millipore) was  used throughout this study.

Silica-coated and alumina-coated quartz crystal sensors were
purchased from Q-sense (Gothenburg, Sweden). A suspension of
gibbsite nanoparticles was  kindly provided by the group of Prof.
A.P. Philipse (University of Utrecht, the Netherlands). Synthesis and
characterization of the material were described by Wierenga et al
[21]. The gibbsite-coated sensor was  prepared by depositing gibb-
site particles from a suspension on the silica coated quartz crystal,
following the procedures described by Siretanu et al. [20].

2.2. AFM imaging and force spectroscopy measurements

Topographical features of the QCM sensor surfaces were stud-
ied by using a Multimode8 Atomic Force Microscope with a
Nanoscope V controller (Bruker Nano). A Dimension Icon AFM
(Bruker) equipped with a Nanoscope V controller was used to study
the surface charge of the sensors. All samples were analyzed in
amplitude modulation mode. Silicon tips from MikroMasch, NSC36
(f0 = 52 kHz, cz = 3.6 N/m, Q = 4.8, tip radius ∼19 nm)  and Bruker
FASTSCAN-B cantilevers (f0 = 170 kHz, cz = 3 N/m, Q = 10, tip radius
∼3 nm)  were used. Before the measurement, both the tip and can-
tilever were rinsed with an ethanol/isopropanol (≈1:1) mixture and
treated further with air plasma (Harrick Plasma) for 15 min. Image
analysis was  carried out with Nanoscope Analysis version 120 soft-
ware (Bruker). Roughness data were extracted from three separate
images obtained at different regions on each sample. The surface
coverage of gibbsite sensor was  55% ± 10%. The surface charge of the
substrates in electrolyte solution was  determined from analysis of
AFM interaction stiffness (force gradient) versus distance curves
in the framework of DLVO theory, complemented by a charge reg-
ulation boundary condition. The AFM equipment, the operations,
and details about force inversion and charge extraction have been
described elsewhere [22,23].

2.3. Adsorption measurements by QCM

Adsorption experiments were performed as a function of the
Na-hexanoate (C6) and salt concentrations. On each sensor, three
concentration series were examined. In each of the series, the con-
centration of C6 was varied from 0 to 10 mM.  Since this is far below
the solubility (70 mM)  [24,25], no precipitation should occur. The
total Na+ concentration (from C6 and NaCl) was  always maintained
at 10 mM,  while the concentration of CaCl2 was  controlled at 0, 10
and 20 mM.  In short, these series are denoted as: 1) C6-Na; 2) C6-
Na-10Ca and 3) C6-Na-20Ca. The pH of the samples varies from 6
to 7 with the concentration of C6. Because hexanoic acid is a weak
acid (pKa = 4.85), the carboxylate groups will occur partly in pro-
tonated and partly in deprotonated form. According to Lee [26], at
pH 7 the Critical Micelle Concentration (CMC) of Na-carboxylate
is approximately 1 M,  and that of Ca-dicarboxylate is higher than
0.03 M [27,28]. Our solutions are always more diluted than this, so
that we  can safely exclude the presence of micelles.

Adsorption studies are conducted with the QCM-D (E4) instru-
ment from Q-sense (Gothenburg, Sweden). A standard AT-cut
quartz crystal sensor with a diameter of 14 mm has a 100 nm thick

gold layer as electrode. In our case silica-, alumina- and gibbsite-
coated sensors were used. The QCM-D liquid chamber is mounted
on a Peltier element, which controls the temperature accurately
(at 22 ± 0.1 ◦C) to avoid signal drifts. The fundamental oscillation
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ig. 1. (A) Schematic illustration of quartz crystal microbalance principle; (B) frequ
I),  aqueous salt solution (II); (III) to (X) are hexanoate (C6) solutions with the same

requency of the crystal is 5 MHz. Changes in frequency and dis-
ipation are recorded simultaneously at 5, 15, 25, 35.  . . MHz. All
easurements are started with DI water, followed by the back-

round salt solution (containing Na+ and/or Ca2+), and then the
eries of C6 solutions from low to high concentrations, as demon-
trated in Fig. 1. The solution was sucked into the chamber with

 peristaltic pump. The pump was stopped after the chamber was
lled with fresh solution. Frequency and dissipation signals were
ecorded continuously. At the moment that a plateau was  reached
for both), the next sample solution was sucked into the chamber.
ince the molecules studied in this work are very small, contamina-
ion of the small measurement signals had to be avoided as much as
ossible. Drift was minimized by preparing the experimental setup
nd the samples overnight before each measurement.

.3.1. Principle of QCM-D and data analysis
Since QCM plays a prominent role in this study, a brief back-

round is given. The Quartz Crystal Microbalance (QCM) technique
s well-known for characterizing adsorbed mass at solid surfaces.
t is based on the piezoelectric effect. When an alternating poten-

ial is applied to the electrodes, shear stresses is generated in the
iezoelectric material, causing the crystal to oscillate at a resonant

requency. Changes in the mass (�m)  bound to the crystal surfaces
ause a shift of the resonance frequency (�f). In the absence of
and dissipation shift recorded with different solutions injected sequentially: water
oncentration as in (II), while the C6 concentration varies from 0.1 to 10 mM.

significant damping by the ambient environment, the Sauerbrey
relation can be used [29]:

�f  = −fo
tq�q

× �m = −n × �m

C
(1)

where �q is the mass density of the quartz, fo is the fundamental fre-
quency, and tq is the thickness of the quartz crystal. C is the mass
sensitivity constant (C = 17.7 ng cm−2 Hz−1 at 5 MHz), and n indi-
cates the overtone number (n = 1, 3,.  . .).  The conditions for Eq. (1)
to hold are that: (i) the adsorbed mass is evenly distributed over the
sensor; (ii) the adsorbed mass is much smaller than that of the crys-
tal; (iii) the adsorbed film should couple perfectly with the shear
oscillation of the sensor. The latter is not always the case, especially
if the adsorbed film is viscous and does not follow the mechani-
cal oscillation of the sensor. In this case, the frequency shift also
depends on the viscous and elastic nature of the adsorbed film. In
QCM-D, the dissipation of a sensor’s energy (D), due to the adsorbed
viscoelastic layer is also recorded. The dissipation (D) is given by:

D = 1
Q

= Ed

2� × E
(2)
s

where Q is the quality factor, Ed is the energy dissipated in one
period of oscillation, and Es is the energy stored in the oscillation
system. The measurement of D allows for a more accurate estima-
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Fig. 2. Topographical features of silica, alumina, gibbsite

ion of the adsorbed mass in a non-rigid film by introducing the
iscosity and shear modulus in the modeling.

In the Sauerbrey equation, the adsorbed mass is proportional to
he normalized frequency shift, which is independent of the over-
one number. However in our case, shown in Fig. 1 for a typical
ataset, the frequency shift presents an overtone dependent behav-

or. This suggests that the adsorbed layer might not be perfectly
igid. Therefore, we use, instead, the Voigt-based model [30,31] for
he data analysis, which is implemented in the ‘Q-tool’ software
rom Q-sense. In this model, the adsorbate is represented a homo-
eneous layer (film, as shown in Fig. 1A) on the sensor surface with
ensity, viscosity and shear modulus: (�f, �f, �f); the properties of
ulk solution (liquid, as displayed in Fig. 1A) are represented by (�l,
l) for which we used 1002 kg/m3 and 0.001 kg/m s, respectively.
he expected mass density of a close packed organic monolayer

s 958 kg/m3, assuming upright hexanoate molecules with a head
roup of 20 Å2 [19] and molecular length of 1 nm [32]. Hence in
he modeling, only �f, �f and the adsorbed mass are used as fit
arameters. Data from at least three overtones with good signal to
oise ratio are therefore needed. The first overtone is not used as it
enses mostly the solution and is affected by the clamping [33]. In
his work, data from 3rd, 5th, 7th, 9th, 11th overtones are used to
nd the adsorbed mass because they display stable responses.

Since QCM is an acoustic technique, it cannot discriminate
etween different chemical species. Hence the number density of

ndividual adsorbed ions and molecules cannot be extracted from
he total adsorbed mass. Moreover, water may  couple as additional

ass due to hydration, or entrapment in the cavities in the adsorbed
ayer as observed in other work [30]. Therefore our results do not
epresent, in a strict sense, adsorption isotherms, although they
ollow very similar trends, and we will refer to them as ‘adsorp-
ion curves’. Consequently, we refrain from converting the data
nto chemical units (mol cm−2) but present them in weight units
ng cm−2).

. Results and discussion

.1. Characterization of silica, alumina and gibbsite-silica sensors
Electrostatic interactions are generally recognized as an impor-
ant driving force for the adsorption of organic or inorganic ions at
olid–liquid interfaces. Since the oxide surfaces used in this work
re prone to get charged in contact with aqueous solutions, under-
 sensors in water and their corresponding height profile.

standing of ion adsorption should be facilitated by characterization
of the electrical state of the substrates.

Fig. 2 displays typical height images of the three types of QCM
sensors used in this study. Generally, silica and alumina coated sen-
sors present rather smooth surfaces: the height variations have a
root-mean square amplitude of 1.2 ± 0.028 nm and 1.6 ± 0.021 nm
respectively, and also the gradients in height are very small (note
that the line scans in Fig. 2 are strongly compressed in the hori-
zontal direction). This is also confirmed by the height maps, from
which we infer a “true” surface area (i.e. by taking into account the
areas of “hills” and “valleys” of the surface contour) that is 9.08
and 9.11 �m2 within 9 �m2 imaging area, for silica and alumina
respectively. The gibbsite-silica sensor demonstrates the typical
hexagonal gibbsite particles, with a typical lateral dimension of
100 nm,  and heights from 5 to 20 nm,  due to the aggregation
(stacking) of gibbsite platelets. From the height images, we  can esti-
mate the effective surface area of gibbsite-silica surfaces, which is
9.02 �m2 corresponding to 9 �m2 imaging area. QCM experiments
on gibbsite surfaces were performed with the same sensor, which
has a stable coverage of gibbsite (≈55%) through all the measure-
ments.

The effective surface charges of the three sensor surfaces were
measured at the same electrolyte compositions as used in the
adsorption studies. Fig. 3 presents the force gradient (interaction
stiffness) as a function of tip sample distance. On silica surfaces
(black symbols in Fig. 3A and B), the tip experiences a repulsion,
which increases monotonically as the tip approaches the surface.
This suggests a system of two negatively charged surfaces. On
alumina (magenta symbols in Fig. 3A) and gibbsite (orange sym-
bols in Fig. 3 B), the silica tip experiences attraction, indicating
an oppositely charged substrate. The observed dependence on the
concentration and composition of the salt shows the combined
effect of changes in the ion adsorption and in the diffuse double
layer.

To obtain more quantitative information, the surface charges
were extracted from the interaction stiffness curve using extended
DLVO theory, where Charge Regulation (CR) effects, i.e.  variations of
the surface charge due to confinement-induced ion adsorption, (de)
protonation of surface groups, etc., are taken into consideration. For

more details, see Ref. [23]. The minimum tip-sample distance used
for fitting was set to 1 nm,  to minimize the influences of short-
range forces such as hydration forces, which are not included in
the model. The upper boundary was  set to 10 nm,  because the
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Fig. 3. Interaction stiffness versus distance measured between a silicon oxide tip
and  sensor surfaces: silica (black symbols), alumina (magenta symbols in A) and
gibbsite (orange symbols in B). Symbols are experimental data: 10 mM NaCl (trian-
gle), 10 mM NaCl −10 mM CaCl2 (square), and 10 mM NaCl −20 mM CaCl2 (circle).
Solid lines are the theoretical calculation. The surface charge values from this fitting
are  presented in Table 1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Surface charge densities of the three sensors, in contact with different solutions.

Surface charge (e/nm2)

10 mM NaCl 10 mM NaCl–10 mM CaCl2 10 mM NaCl–20 mM CaCl2

Silica −0.060 −0.019 −0.020
−0.062 −0.020 −0.018

Alumina 0.013 0.015 0.023
Gibbsite 0.023 0.125 0.025

N
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Fig. 4. Sodium hexanoate (C6) adsorption on silica surfaces in presence of salts:
(i)  10 mM Na ions (black squares); (ii) 10 mM Na ions +10 mM CaCl2 (red circles);

on silica. The observation that some adsorption still occurs, and
ote: Surface charge on silica was extracted from two  measurements, see Fig. 3A
nd B.

nteractions are negligible beyond this distance. Fig. 3 shows that
here is a good agreement between the theoretical curves and the
xperimental results. The extracted surface charge densities are
ummarized in Table 1.

On the silica surface in 10 mM NaCl solution, the charge density
s found to be −0.06 e/nm2, while it becomes −0.02 e/nm2 upon
ddition of 10 or 20 mM CaCl2. This behavior is attributed to an
dsorption of the Ca2+ ions onto the silica, which probably also
nvolves deprotonation, i.e. replacement of Si OH by Si OCa+.

Both alumina and gibbsite display positively charged surfaces

or the electrolytes investigated. On alumina, the surface charge
ncreases upon the addition of CaCl2. This could be interpreted as

 result of the buffering effects of Ca2+ ions, which are capable of
(iii) 10 mM Na ions +20 mM CaCl2 (blue triangles). Lines are drawn for guiding the
eye. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

forming Ca(OH)+ [34] and thereby lowering the pH contributing
to the increase in surface charge. Moreover, Ca2+ might replace
the protons at alumina surfaces which also enhances the surface
charge.

Remarkably, the surface charge density on gibbsite, shows a
maximum at the intermediate (i.e. 10 mM)  CaCl2 concentration.
This complies with a previous study [20] where it was  interpreted
in terms of specific ion adsorption. The excess positive charge
as compared to monovalent cations, can be explained with an
adsorption of Ca2+ ions on the gibbsite surface. The decrease in net
surface charge at higher CaCl2 concentrations, might be explained
by adsorption of Cl− onto the already adsorbed Ca2+.

3.2. Adsorption of hexanoate

3.2.1. Silica surfaces
Fig. 4 displays the adsorption curves of hexanoate on silica.

Without CaCl2, the maximum adsorption density (� ) (at 10 mM C6)
is only around 20 ng cm−2, much less than a densely packed mono-
layer ∼100 ng cm−2 (with the molecular weight of 115 g/mol, and
the size of carboxylate head group around 20 Å2 [19]). With 10 mM
CaCl2, and below 5 mM C6, the [C6] dependent adsorption overlaps
with the Ca- free case. Above 5 mM C6, the adsorption increases
more steeply. With 20 mM CaCl2, the adsorption shows a steep ini-
tial increase. The difference between the cases of 10 and 20 mM
CaCl2 then remains more or less constant as [C6] is increased. The
overall picture that emerges, is that (above certain thresholds for
[CaCl2] and [C6]), adding more CaCl2 results in a larger adsorbed
mass.

To explain this trend, we consider the charge on the silica sur-
face (in absence of C6). At pH ∼7 the silica surface is negative, as also
corroborated by the AFM measurements (Table 1). Most hexanoate
molecules are in the form of COO− at pH ∼7 because hexanoic acid
is a weak organic acid with a pKa = 4.85 [35]; this makes adsorp-
tion of C6 unfavorable from an electrostatic point of view. Indeed,
only small amounts of hexanoate adsorb from solutions of only C6-
Na. The fact that a similar behavior was  found with hexanoic acid
at similar pH on silica surfaces (results not shown), suggests that
Na+ ions cannot provide strong assistance to the adsorption of C6
that the amount grows with [C6], might be attributed to weak Van
der Waals-London dispersion forces between the alkyl tail and the
silica. Weak hydrophobic interactions between neighboring adsor-
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Fig. 5. Sodium hexanoate (C6) adsorption on alumina surfaces: (i) with 10 mM Na
ions  (black square); (ii) with 10 mM Na ions +10 mM CaCl2 (red circle); (iii) with
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0  mM Na ions +20 mM CaCl2 (blue triangle). Lines are drawn for guiding the eye.
For interpretation of the references to color in this figure legend, the reader is
eferred to the web  version of this article.)

ates might offer additional assistance to the adsorption. However,
his effect can only be small, and in that case expected S-shaped
sotherm is not observed.

In the presence of Ca2+, significantly larger amounts are
dsorbed, and the more so for higher CaCl2 concentration. Sim-
lar effects of divalent cations have also been reported in another
tudy [36]. Another work has found that Langmuir–Blodgett films of
tearic acid on silica display higher stability when prepared in pres-
nce of Ca2+, as compared to Na+ [19]. These findings are consistent
ith an adsorption that is strongly facilitated by the (electrostatic)

ffects of divalent cations. Apparently, the latter are very effective
n establishing cation bridges between a negative surface and the
egative hexanoate ion [37].

The observation that the maximum adsorbed amounts are rela-
ively low, and that adding more Ca2+ to a system where [Ca2+]/[C6]
as already » 1 leads to more adsorption, indicates that the adsorp-

ion is weak, and governed by chemical equilibrium. In this picture,
he Ca2+ ions in solution form partially dissociated, cationic com-
lexes with carboxylic acid:

a2+ + −OOC-R ↔ R-COOCa+ (3)

At the silica surface, most likely Ca monohexanoate (with
he Ca facing the mineral surface) is the dominant species. The
nhancement of the adsorption by both Ca2+ and hexanoate is also
onsistent with the increase in the initial slope for higher [Ca2+] as
een in Fig. 4.

.2.2. Alumina surfaces
On alumina surfaces, the adsorption of C6 is much stronger than

n silica. As shown in Fig. 5, the adsorbed mass per unit area (� )
pproaches 80 ng cm−2 at the highest [C6], even in the absence of
a2+, where it only reached ∼20 ng cm−2 on silica (Fig. 4). Adding
0 mM CaCl2 to the system has remarkably little effect on the max-

mum adsorbed amount at 10 mM C6; also this is different from the
ase of silica, where adding CaCl2 gives rise to a stronger relative
ncrease in � . Another remarkable observation is that at the inter-

ediate CaCl2 concentration of 10 mM,  the adsorption isotherm
oes not appear to be significantly different from that of the pure
6-Na.

Also in this case, charge interactions are expected to play

n important role. In contrast to the silica surface, the alumina
s slightly positively charged at pH ∼7. Since most carboxylate

olecules are deprotonated and thus negatively charged at that
H, electrostatic attractions should be present. It is plausible that
ochem. Eng. Aspects 494 (2016) 30–38 35

this causes the larger adsorbed amounts. However, the complex
dependence on the CaCl2 concentration (no detectable difference
on adding 10 mM,  but a significant increase in � at 20 mM)  suggests
that electrostatics alone is insufficient to explain our observations.

Other indications for this can be found in literature. For elec-
trostatically driven adsorption, the maximum amounts should be
found at a pH somewhere between the point of zero charge of
alumina and the pKa of the carboxylic acid: the solid surface is
then positively charged while most carboxylate groups are depro-
tonated. However, several researchers [9–12,26] have reported
maximum adsorption at pH values close to the pKa of carboxy-
late. Kummert [9] found that the tendency of carboxylic acid to
form complexes on alumina surfaces is similar to that of organic
ligands to form complexes with Al3+ in solution. Vermöhlen [38]
found that the carboxylate oxygen can bind to the alumina surface,
resulting in a ligand-exchange complex. Lee et al. [26] studied car-
boxylate adsorption on alumina systematically as a function of pH,
and also concluded that ligand-exchange is the dominant mech-
anism of adsorption. Here, the carboxylate group exchanges with
the hydroxyl group:

> Al − OH+−OOC−R ↔ > Al − OOC − R + OH− (4)

At low pH, most carboxylate ions are protonated. Due to the
limited number of −OOC-R groups in solution, little adsorption can
then occur. At very high pH, hydroxide ions compete for the adsorp-
tion sites on alumina, also resulting in little adsorption. At a certain
intermediate pH within the above large range (including the pKa

value) the maximum adsorption occurs.
It is thus plausible that pH is the dominant factor in the ligand-

exchange process. In the solutions studied in this work, both Ca2+

and hexanoate can act as a pH buffer. For Ca2+ this is due to its ability
to form CaOH+ complexes in aqueous solution [34]. Experimental
evidence for this was  found in a decrease in pH from 5.8 to 5.3, upon
addition of 20 mM CaCl2 to a 10 mM NaCl solution. Hexanoate forms
a classical buffer system, in which the pH is governed by the ratio
[ COO−]/[ COOH]. This ratio varies with the initial concentration
of sodium hexanoate. The pH of the solutions thus varies slightly
from 6 to 7 on increasing the C6 concentration.

The similar pH values of the C6-Na and C6-Na-10Ca solutions,
could thus explain why only few differences are observed between
their adsorption curves. In the C6-Na-20Ca system much more free
Ca2+ ions are present, especially at low C6 concentration. These can
then play a stronger role as a buffer, and shift the pH toward the
pKa value. This might explain the steep increase in adsorption at
low [C6]. At the higher C6 concentrations, the pH values are more
similar for all systems, as they become more dominated by the ratio
of [ COO−]/[ COOH].

While it is clear that the solution pH plays an important role
in the adsorption on alumina, it cannot be ruled out that cation
adsorption (in spite of the unfavorable charge interaction) can con-
tribute to the phenomenon as well (e.g. via ion bridging). XPS
measurements on alumina that was exposed to a mixed solution
of NaCl and CaCl2 revealed that only Ca2+ ions had adsorbed [16].
While this points at an (ion-) specific role for (at least) the calcium,
our experiments do not provide an unambiguous connection with
the adsorption of C6. The very similar charge densities (Table 1)
and adsorption curves for the solutions with 10 mM NaCl and with
10 mM NaCl +10 mM CaCl2 does not suggest a strong sensitivity to
Ca2+ as a specific species.

3.2.3. Gibbsite-silica surfaces
The adsorption of hexanoate on the mixed gibbsite-silica sen-
sor displays a remarkable non-monotonic dependence on the CaCl2
concentration, see Fig. 6. Maximum adsorption occurs for the sys-
tem with 10 mM CaCl2. Here the adsorption increases steeply at
low C6 concentration, and approaches a plateau for higher [C6],
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Fig. 6. Sodium hexanoate (C6) adsorption on 55% Gibbsite covered silica surfaces:
(i)  with 10 mM Na ions (black square); (ii) with 10 mM Na ions and 10 mM CaCl2

(red circle); (iii) with 10 mM Na ions and 20 mM CaCl2 (blue triangle); (iv) is (ii)
w
e
i
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1
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t
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ith additional 10 mM NaCl (magenta stars). (The lines are drawn for guiding the
ye.). (For interpretation of the references to color in this figure legend, the reader
s  referred to the web version of this article.)

ndicating a saturated adsorption. Remarkably few differences are
ound between the adsorption curves for the systems without CaCl2
nd with 20 mM CaCl2, both of which are very different from the
0 mM CaCl2 case. In these cases the adsorbed amount increases
teadily with C6 concentration, and no plateau is observed up to
0 mM C6.

The sensor has a gibbsite surface coverage of ∼55%. Using this
umber together with the adsorption masses per unit area (� ) on
he pure silica from Fig. 4, we can calculate the adsorption densities

−2
n the gibbsite, which are 109, 235, and 111 ng cm for the C6-Na,
6-Na-10Ca and C6-Na-20Ca systems, respectively. These amounts
re much higher than those on silica or alumina, indicating a very
ifferent adsorption behavior on gibbsite.

ig. 7. (A) AFM images of gibbsite particles deposited on silica. (B) In-situ image of hexano
he  local height variations on the platelets, before and after adsorption of C6. (C) presents
ochem. Eng. Aspects 494 (2016) 30–38

Gibbsite is one of the most common aluminum hydroxide
phases. One key aspect of gibbsite is that it displays Lewis acid-
base properties [39]: it can interact with both cations and anions,
depending on chemical conditions. The adsorption or bonding
mechanism of dicarboxylate on gibbsite has been studied before
[14]. Similar to the adsorption on alumina, this is also a ligand-
exchange process. However, as we can see from Figs. 5 and 6, the
adsorption curves look (qualitatively and quantitatively) rather dif-
ferent from those on alumina.

We  ascribe these differences to the fact that Gibbsite is a
crystalline solid, with a clear lattice structure. Unlike the case
of alumina, divalent ions (Ca2+) can now strongly bind to well-
defined adsorption sites forming periodical double row structures,
see Fig. 7, while Na+ or Cl− ions attach only weakly to the crystal
surfaces [20]. In the presence of Ca2+ ions, hexanoate molecules
can attach to the gibbsite surfaces via these pre-adsorbed divalent
ions (Fig. 7), leading to a significant increase in the adsorbed mass
for 10 mM CaCl2. However, increasing the CaCl2 concentration by
10 mM leads to a decrease in � , making it roughly similar to the
case without CaCl2. This is probably due to a high concentration of
Cl− ions, which compete for the adsorption sites with hexanoate.

To support the latter hypothesis, another adsorption experi-
ment was conducted with the same gibbsite coated sensor. In this
measurement, an additional 10 mM NaCl was  added to the C6-Na-
10Ca system (see the stars in Fig. 6). The adsorbed amount indeed
decreases, close to the value of C6-Na-20Ca. As Na ions cannot bind
to gibbsite surfaces [20]. their effects on carboxylate adsorption can
be neglected. This furtherly confirms the idea that there is competi-
tion between Cl− and OOC-R. In Fig. 6, the plateau is only observed
for C6-Na-10Ca system. At this condition, little adsorption of Cl−

occurs as revealed by the AFM image [20]. Thus, only carboxylate
adsorbs to the surface, approaching saturated adsorption at high
C6 concentration.
If we  consider the magnitudes of the adsorbed amount, assum-
ing that they only come from hexanoate (with a molar weight of
115 g/mole), molecular adsorption densities of 5.5 nm−2, 11.8 nm−2

ate coated gibbsite particles from 10 mM C6 + 10 mM CaCl2. The line scans compare
 zoom-ins of the adsorbed hexanoate layer and the adsorbed calcium ions.
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ig. 8. Schematic illustration of hexanoate adsorption mechanisms at solid-liquid i
ons:  purple symbols. (For interpretation of the references to color in this figure leg

nd 5.6 nm−2 are found for the C6-Na, C6-Na-10Ca and C6-Na-20Ca
olutions. The size of a carboxylate head group is around 20 Å2 [19],
hich corresponds to 5 nm−2. This indicates that with C6-Na-10Ca

olutions, adsorbed masses larger than the amount corresponding
o a dense monolayer, are achieved. Moreover, the AFM images
n Fig. 7 show that the height of the adsorbed layer exceeds the

olecular length of the hexanoate. These observations suggest that
dsorption takes place in the form of a multilayer. In principle, also
ater uptake by gibbsite [39] or from the hydrated ions might also

ontribute to the total adsorbed amount measured. The suggestion
f trapped water has been made in several studies [40,41].

In Fig. 8, we summarize the proposed adsorption mechanisms
n the three different surfaces. On silica (A), the adsorption of C6

s mainly due to cation bridging, causing the adsorbed amount to
ncrease with the divalent ion concentration, see Fig. 8A. On alu-

ina (B), the adsorption results mainly from ligand exchange, and
H is the dominant factor in this process. Ca2+ has a positive influ-
nce on the adsorption process, most of which appears to be via
he pH: Ca2+ ions have the ability to bind with hydroxyl ions in
olution acting as buffer ions adjusting the pH. Additionally, some
rotons at alumina surfaces can be replaced by Ca2+. Since Ca2+

lso adsorbs onto the alumina surface, we cannot completely rule
ut (modest) contributions by ion bridging. The adsorption of C6
n gibbsite (C) in presence of (mixed) salts shows a more com-
lex phenomenology. Ca2+ ions adsorb to gibbsite, thereby creating
dsorption sites for C6. Anions (Cl− and Hexanoate) compete for
hese adsorption sites, resulting in a non-monotonous dependence
n CaCl2 concentration.

Overall, from our observations in this work, it is clear that diva-
ent cations such as Ca2+ are important for carboxylate adsorption,
ither acting as bridging ions, or as buffering ions adjusting the
H. This corresponds well to the observations in low salinity water
ooding process, where low concentrations of divalent ions is a
ey element [6,42]. As pointed out in this work, the adsorbed layer
ontains not only carboxylate, but also some ions like Cl−, or Ca2+.
o further investigate the composition of the adsorbed layer, other
echniques like ellipsometry, SPR, or XPS etc. could be exploited, to
onfirm the adsorption mechanisms we proposed here.

. Conclusions

Quartz Crystal Microbalance (QCM) was exploited to study the
dsorption of Hexanoate on different substrates: silica, alumina and
ibbsite. Specific focus of this paper was on the effects of Ca2+ ions

besides omnipresent Na+ ions) on the mechanism of carboxylate
dsorption. We  found that the adsorption is not simply driven by
lectrostatic interactions. On the negatively charged silica, bridg-
ng by Ca2+ ions plays a very important role; while on positively

[

ces: (A) silica; (B) alumina; (C) gibbsite. Calcium ions: green symbols; and chloride
he reader is referred to the web version of this article.)

charged alumina, adsorption of carboxylate takes place via a lig-
and exchange process, mainly controlled by the solution pH. Ion
bridging might also occur, but it does not play a significant role.
Compared to a bare silica surface, the presence of gibbsite can sig-
nificantly enhance the adsorption. In this case, Ca2+ ions first adsorb
to the surface forming a double row structure; anions (Cl− and
hexanoate) in the solution then bind to this pre-adsorbed calcium,
competing for the adsorption sites. This results in a non-monotonic
dependence of hexanoate adsorption on CaCl2 concentration. The
oxides studied in this work, silica, alumina and gibbsite can be seen
as clay model surfaces, and the carboxylates are important polar
components in oil reservoirs. So the understanding of the adsorp-
tion process with these simple model systems in electrolytes will
shed some light on real rock reservoir, helping to understand the
low salinity effects during water flooding in enhanced oil recovery.
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