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ABSTRACT: The stability of organomineral aggregates in soils has a key influence on
nutrient cycling, erosion, and soil productivity. Both clay minerals with distinct basal
and edge surfaces and organic molecules with reactive functional groups offer rich
bonding environments. While clay edges often promote strong inner-sphere bonding of
−COOH-laden organics, we explore typically weaker, outer-sphere bonding of such
molecules onto basal planes and its significance in organomineral interactions. In this
surface force apparatus study, we probed face-specific interactions of negatively charged
mica basal surfaces in solutions containing carboxyl-bearing, low-molecular-weight
dicarboxylic acids (DAs). Our experiments provide distance-resolved, nanometer-range
measurements of forces acting between two (001) mica surfaces and simultaneously
probe DA adsorption. We show that background inorganic ions display crucial
importance in nanoscale forces acting between basal mica surfaces and in DA
adsorption: Na+ contributes to strong repulsion and little binding of dicarboxylic anions, while small amounts of Ca2+ are sufficient
to screen the basal surface charge of mica, facilitate strong adhesion, and enhance dicarboxylic anion adsorption by acting as cationic
bridges. Despite reversible and weak adsorption of DAs, we resolve their multilayer binding via assembly of hydrophobic chains in
the presence of Ca2+, pointing the importance of abundant, less reactive basal clay surfaces in organomineral interactions.

■ INTRODUCTION

Low-molecular-weight organic acids are being constantly
supplied to soils and sediments by plant roots and micro-
organisms during oxidative decomposition of soil organic
matter. As decomposition progresses, nonpolar organic
molecules become reduced in size, depolymerized, and
enriched in ionizable functional groups containing oxygen
atoms, which renders the formed organic species more
chemically reactive and water-soluble.1 Carboxylic functional
groups, with relatively high negative hydration energies,1,2 are
essential for the high solubility of small organic molecules in
aqueous solutions and are almost always present in the
dissolved fractions of organic matter,1,3 both of natural and
anthropogenic origin.4

Despite their relatively high solubility, low-molecular-weight
organic molecules (≪ kDa5,6) can persist in soils and
sediments for years.7−9 Their long-time retention is often
attributed to the interactions with oxides,10,11 hydroxides,12−14

and clay minerals,15,16 which are common secondary mineral
phases formed during pedogenesis. Layered phyllosilicate clays
are especially important because of their high abundance in the
soil matrix, large specific surface areas, and thus extensive
adsorptive capacities.7,17−19 Although both clay mineral
surfaces and soluble organic acid molecules are generally net
negatively charged in a wide range of pH conditions,
substantial adsorption of acidic organic species can occur at

specific surface sites of clays and via nonelectrostatic
interactions.6 Adsorption of organic molecules onto clay
surfaces often involves carboxylic −COOH functional-
ities.1,4,6,20−27

Molecular mechanisms of interactions between clay minerals
and carboxyl-bearing small organic molecules, such as
carboxylic acid and dicarboxylic acid (DA), in aqueous
solutions are most often examined by Fourier-transform
infrared spectroscopy15,22−24,26,28−34 and force spectroscopy27

and via computer simulations.21,22,25,35−37 Clay crystals exhibit
two very distinct adsorption sites: crystal edges displaying pH-
dependent surface charge because of abundant surface
hydroxyl groups (Si − OH,Al − OH) and basal (001)
planes with permanent negative surface charge caused by
isomorphic ionic substitutions in tetrahedral (e.g., Al3+→Si4+)
or octahedral layers (e.g., Mg2+→Al3+).38 Some organic
compounds can be additionally adsorbed inside the interlayer
spaces of certain clay types (e.g., smectites).38 Edge hydroxyl
groups comprise a highly versatile bonding environment in
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which carboxyl groups can bind in three major ways: (1) as
inner-sphere complexes via strong covalent bonds between
carboxylic C − O and surface metal atoms (−OH exchanged
with −COOH) and as outer-sphere complexes by (2)
electrostatic forces between surface (de)protonated hydroxyls
and carboxylic groups or (3) hydrogen bonding between
oxygen and hydrogen atoms in various configurations. While
strong covalent bonds are more likely to form at low pH,23,24

all these adsorption modes are believed to coexist under most
aqueous medium conditions.21,25 Adsorption on basal (001)
planes is usually weaker and involves multiple hydrogen bonds
between often partially hydrated carboxylic groups and surface
O atoms.22,35,36,39 In all cases, binding of organic molecules
onto clay surfaces is highly influenced by multivalent ions:
inorganic cations can complex −COOH groups and
significantly enhance adsorption of organic species onto
negatively charged surfaces via cation bridging (with Ca2+

acting more efficiently under alkaline conditions with
deprotonated −COO−).21,23,33,40−43

Adsorption of organic species onto clay minerals consid-
erably alters clay’s surface properties, which in turn largely
affects the aggregation of clay crystals, changes the structure of
the soil matrix, and governs the transport of dissolved matter
(including nutrients and pollutants) through clay-rich hori-
zons.1,4,6,7,26,44 Batch colloidal stability experiments indicate
that adsorbed acidic organic molecules usually render clay
surfaces more negatively charged and prevent clay aggregation
by enhancing or inducing electrostatic repulsion between the

individual platelets, often over a wide range of pH
conditions.6,45−48 Other environmental factors, such as multi-
valent cations (especially Ca2+), may, however, reverse this
trend.6,49 Efficiency in clay aggregate formation depends also
on the structure of organic molecules, that is, mutual positions
of reactive functional groups (e.g., −COOH).20
As oxide-like, amphoteric edge clay surfaces generally favor

stronger binding of soluble organics than tetrahedral clay faces
with permanent negative charge,23,26,29,31,34,46,47,50−52 edge
sites are often reported to affect the formation of organoclay
aggregates to a larger extent than basal surfaces20,46,47,51,52 (see
also Supporting Information, Table S1). However, recent face-
specific force spectroscopy experiments of Newcomb et al.27

reported highly pH-dependent binding of −COOH function-
ality to basal (001) mica surfaces: the binding force measured
at pH 4 was an order of magnitude higher than that at pH 8.
Such face-specific information is not available in batch colloidal
stability experiments, which provide averaged information
about basal planes and edges.27 As broken clay edges comprise
only <10% of the accessible surface area, the majority being
basal (001) planes,33 more insight into the individual behavior
of basal clay planes is needed to unravel their detailed
aggregation behavior in the presence of soluble organics.
In this work, we present direct-surface-force apparatus

(SFA) measurements of normal forces acting between basal
(001) planes of muscovite mica clay surfaces in aqueous
solutions of small DAs (Figure 1A). Unlike atomic force
microscopy, the SFA provides information about the

Figure 1. (A) Schematic representation of the SFA setup: normal forces (F) are measured between two atomically smooth (001) muscovite mica
surfaces as a function of distance (D) between them in low- or high-pH DA solutions; DA is applied displacement. The mica structure in the left
panel was drawn using VESTA software;61 (B) C2−C7 DA molecules with structures drawn and optimized in ACD/ChemSketch software; (C)
speciation of 50 mM DAs dissolved in water as a function of pH, calculated with PhreeqC based on the dissociation constants shown in Table S5.
X2− is an organic anion because of the full dissociation of diprotic acids. The yellow shadings mark low-pH value experiments (pure dissociated 50
mM DAs) and blue shadings mark the pH value used in the high-pH (8.3; adjusted by adding NaOH) experiments.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c02290
Langmuir 2020, 36, 14978−14990

14979

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02290/suppl_file/la0c02290_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02290?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02290?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02290?fig=fig1&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02290/suppl_file/la0c02290_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02290?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02290?ref=pdf


separation between two probed surfaces with a sub-nanometer
accuracy53 in a symmetric surface configuration, which allows
the detection of any substantial adsorbed layers.53 The
nanoscale forces measured in DA solutions at acidic and
basic pH and in the presence of mono and divalent inorganic
cations provide a systematic insight into face-face aggregation
of negatively charged clay minerals in contact with small,
carboxyl-bearing organic molecules.

■ MATERIALS AND METHODS
Mica Surfaces. We measured surface forces between two

atomically smooth mica surfaces, cleaved along (001) planes.54

Freshly cleaved pieces of optical grade muscovite mica (S&J Trading
Inc., USA) with a uniform thickness (1−10 μm) were back-coated
with a 55-nm thick Ag layer using a Balzers BAE 250 thermal
evaporator. The pieces of cleaved mica were cut with sharp and clean
scissors. All samples were handled in a laminar flow cabinet.
EPON1004 hot-melt resin (supplied by SurForceLLC, USA) was
used to glue the Ag-coated mica to the cylindrical SFA disks (here
with a radius of curvature R = 0.02 m), which were crossed at an angle
of 90° to yield a spherical nominal contact area with a radius of ∼50
μm.
Force Measurements. Nanometer-range forces were measured as

a function of the distance (D) between two opposing surfaces using
the SFA ( SFA2000; SurForce LLC, USA).53 The SFA technique uses
optical multiple beam interferometry (MBI)55,56 to measure the
distance (D) between the surfaces. The bottom surface is mounted on
a force measuring spring with a spring constant k (here k = 2000 N/
m). The spring is moved vertically by an actuator at a constant
velocity, giving a known displacement (DA). If any force F(D) acts
between the surfaces, it will deflect the force measuring spring and
ΔD ≠ ΔDA. F(D) can be then calculated as F(D) = k(ΔDA − ΔD).To
measure D using MBI, white light is transmitted through the two
opposing semireflective samples that together with the liquid confined
between the surfaces comprise an interferometer (Ag-mica-fluid-mica-
Ag interferometer). The direction of the transmitted light is normal to
the interfaces of the interferometer. The light transmitted through the
interferometer is detected using a spectrometer (Princeton Instru-
ments IsoPlane SCT320 with a PIXIS2048B camera; resolution of
0.624 μm/pixel) as fringes of equal chromatic order (FECO), the
wavelength positions of which depend on thicknesses (d) and
refractive indices (n) of all the layers comprising the interferometer.
Usually, only the thickness of the water film confined between two
surfaces (= D) is unknown and can be recalculated from the FECO
pattern. To recalculate D from FECO positions in mica−mica
experiments, we used Reflcalc open-source software modeling56,57 or
the analytical interferometer solution.58 All calculations were
performed in MATLAB software. The details of Reflcalc and
MATLAB analysis are provided in the study by Dziadkowiec et
al.59 and Supporting Information therein.
Solutions. Forces were measured in 50 mM DA solutions. We

used DAs with two to seven carbon atoms (oxalic, malonic, succinic,
glutaric, adipic, and pimelic acids; Merck, 99%; Figure 1B). The
solubility of DAs in water decreases with an increasing number of
carbon atoms in aliphatic chains, but the concentrations we used were
much lower than the solubility of the least soluble acid, C7, which has
a solubility of approx. ∼0.3 M.
We performed two types of experiments with DAs. In the first type

of experiments, forces were measured both in low-pH DA solutions
(without adjusting the pH) and in high-pH 8.2−8.4 solutions
(adjusted only with NaOH; Table S2). For each DA solution, we used
fresh mica surfaces and measured forces in the same contact region:
first in distilled H2O, then in a low-pH DA solution, and last in a high-
pH DA solution. In the second type of experiment, we measured
forces in high-pH DA solutions in which pH was partially adjusted
with varying amounts of Ca(OH)2 (1 to 20 mM) and further adjusted
to 8.2−8.4 with NaOH. Here, we measured forces in: (a) 50 mM
adipic acid (C6) solutions as a function of Ca2+ concentration (1, 5,
20, and 40 mM; Table S3); and (b) in DAS from C3 to C7 with 5

mM of Ca2+ (Table S4). In (b), we used one contact between mica
surfaces, and after each DA solution, we measured forces in Milli-Q
water (every time we injected water, the 150 mL-volume SFA
chamber was rinsed with additional 300 mL of Milli-Q water).

We additionally performed three types of control experiments
without DAs to investigate the effect of: (a) low pH (pH 2.70, 2.00,
1.47, and 1.40 adjusted with HCl; Table S2); (b) Ca2+ concentration
(1, 5, and 20 mM adjusted with CaCl2; Table S3); and c) ionic
strength IS = 0.15 M (adjusted with NaCl) at high pH = 8.3 (adjusted
with NaOH; Table S2) on forces acting between mica surfaces. In
(b), Ca2+ and Na+ were adjusted to the same levels as in
corresponding experiments with DAs with CaCl2 and NaCl salts. In
(a), no additional salts were added.

To avoid any possible contamination, every time we replaced a
solution in the SFA chamber, we separated the surfaces and rinsed the
chamber first with ∼150 mL of distilled water, then with ∼150 mL of
the new solution, before the last ∼150 mL solution injection in which
we measured the forces. All solutions were prepared just before the
experiments using Milli-Q (18.2 MΩ/cm) water and filtered using 0.2
μm polyether-sulfone membrane syringe filters. Figure 1C shows the
speciation of DAs as a function of pH calculated in PhreeqC software
using the dissociation constants pKa1 and pKa2 summarized in Table
S5.

Reference Measurements in Water. In each experiment, we
only used pairs of mica surfaces that showed an attractive jump-in on
approach and a considerable adhesion measured on retraction in
Milli-Q water. The average adhesion (pull-off force) measured in
Milli-Q water for 21 pairs of mica surfaces used in this work was 63.3
± 26.2 mN/m, with minimum and minimum values of 21.1 and 118.1
mN/m (see Tables S2−S4). This variability is related to the natural
origin of mica surfaces and possible effects of: surface defects,
inhomogeneity in mica chemical composition, trace contamination,
and misalignment of surface lattices of the two opposing mica
surfaces.60 As such, when comparing adhesion values between
different pairs of mica surfaces, we always report the reference
adhesion measured in water at the start of each experiment.

The optical ‘zero’ separation between mica surfaces was always
determined for each pair of mica surfaces as the hard wall contact
position (HP) measured after the attractive jump-in on approach
measured in Milli-Q water at the start of each experiment. Hard wall
positions measured for DA solutions and control solutions are
reported as shifts with respect to each Milli-Q water reference at a
given applied load value. This facilitates comparison of hard wall
positions between different pairs of mica surfaces.

■ RESULTS AND DISCUSSION

A schematic representation of the experimental SFA setup used
in this work is sketched in Figure 1A: Forces were measured
between two atomically smooth (001) mica basal surfaces in
C2−C7 DA solutions (Figure 1B) at low (1.4−2.7, depending
on 50 mM DA dissociation) and high (8.2−8.4) pH. Although
low pH values of pure DA solutions do not correspond to
typical soil pH, they let us assess DA binding in the absence of
foreign ions. The slightly basic pH of 8.3 was chosen a
condition where all DAs are fully dissociated. The speciation of
DAs at a given pH is plotted as a function of pH in Figure 1C.
At pH < 3, C4−C7 DA molecules remain dominantly in an
undissociated form H2X (where X2− is a fully dissociated DA
anion), with a small proportion of HX−. For C2 and C3, there
is a substantial amount of HX− species. At pH > 8, all DAs are
fully dissociated to divalent X2− species.
Figure 2A shows an overview of the measured forces in low-

and high-pH pimelic acid solutions (C7): in general, for all
DAs, we measured adhesive forces at low pH and repulsive
forces in high-pH solutions (apart from oxalic acid C2
solution, with repulsive forces measured under both pH
conditions). We also observed a reproducible shift of HPs in
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DA solutions: all HPs were shifted to higher separations with
respect to those measured in MilliQ water (which are defined
as an optical zero separation in this work), with the largest
shifts observed for high-pH solutions.
Interfacial Structure. The binding modes of DAs and

interfacial structure of mica surfaces in DA solutions can be
reconstructed by analyzing the force distance curves at small
surface separations (D < 2 nm). Because the SFA measure-
ments provide information about the absolute distance
between surfaces,53 the shift of the HP to larger separations
is indicative of strong steric repulsive force components, which
prevent the mica surfaces from coming into direct contact.
This short-range steric repulsion may indicate the accumu-
lation of layers of hydrated inorganic counterions62 or DA
molecules in the vicinity of charged mica surfaces. To detect
whether the observed HP shifts were related to adsorption of
DAs in the interlayer region, we measured forces in control
inorganic solutions with the corresponding pH and ionic
strength and with the same concentration of Na+ (for the
measurements at high pH adjusted with NaOH). A summary
of HPs measured in all low and high-pH DA solutions and in
control experiments is plotted in Figure 2B.
At pH 1.4 (the lowest-pH solution used in these

experiments, corresponding to 50 mM oxalic acid C2
solution), the mica surface is positively charged because of
an excess of surface-adsorbed hydrogen species.63,64 At this
pH, we measured substantial shifts of HPs to larger
separations, both for the pH 1.4 control experiments and C2
solutions (∼2 nm HP shifts with respect to H2O; Figure 2B).
Because H3O

+ species do not form a pronounced hydration
structure on mica surfaces,65,66 the large shift in HPs measured

in the inorganic pH 1.4 control solution (HCl) can be
attributed to repulsive forces linked with coadsorption of
hydrated Cl− anions.63 In low-pH oxalic acid (C2) solution,
the HP shifted to even larger separations than in the control
force runs, and forces were strongly repulsive, indicating a
significant adsorption of C2 DA onto the mica surfaces (Figure
2B). The adsorption of oxalate HC2O4

− anions (dominant at
this pH) most likely occurs via electrostatic interactions with
the positively charged mica surfaces. The charged C2 species
rather formed a disordered anion layer, nonspecifically
adsorbed to the mica. This is because a strong specific surface
adsorption is often revealed by small jump-in events in the
force measurements (corresponding to squeezing out of
surface-bound species63), which we did not observe.
At pH 2.0 (measured for 50 mM malonic C3 acid), mica

surfaces are still slightly positively charged because of an excess
of protons.63,64 However, in contrast to the pH 1.4 solutions,
the HPs that we measured in the inorganic pH 2.0 control
experiments were not shifted with respect to the water
reference. Similarly, no major, reproducible shift in HPs was
observed for C3 DA solutions (a significant HP shift was
measured only in set 1 experiments). This suggests that a small
magnitude of the positive surface charge of mica led to no
strong or substantial adsorption of Cl− or H3C3O4

− anions on
mica surfaces. However, a small amount of charged C3 species
(undissociated C3 molecules start to dominate, see Figure 1C)
could have been electrostatically adsorbed onto positively
charged mica surfaces in a similar way to C2 oxalate anions.
At pH ∼ 3, which was measured for 50 mM C4 − C7

solutions, the mica surface is close to its point of zero charge
(pZc),63,64,67 as there is still a sufficient amount of protons to
neutralize its negative surface charge. At this pH, the inorganic
control experiments showed no shift of HPs to larger
separations with respect to the H2O reference (Figure 2B).
This is because, close to pZc, we expect no substantial steric
hydration repulsion because of few coadsorbed anions. We also
did not observe any pronounced shift of HPs for low-pH 50
mM C4−C7 DA solutions, which indicates that the C4−C7 do
not adsorb strongly to mica surfaces (a prominent shift was
measured for C5, however, only in set 2 experiments). Our
C4−C7 DA solutions at this pH are almost fully composed of
undissociated species (Figure 1C). These neutral molecules are
most likely bound to mica surfaces only by weak hydrogen
bonds.22 This means that they could have been easily displaced
from the interlayer region upon compression, explaining no
significant shifts in HPs.
All of the DAs used in this study undergo almost full

dissociation at pH > 6, and thus, the dominant DA species in
our high-pH solutions (8.2−8.4) are divalent organic anions
(Figure 1C). These solutions also have much higher ionic
strength (IS = 0.15 M) than those used in the low-pH
experiments because of a high amount of added Na+ (pH was
adjusted with NaOH). The HP measured in the inorganic
NaCl control solution (pH 8.3, IS = 0.15 M; Figure 2B) was
substantially shifted to larger separations with respect to the
HP in water (by <1 nm). As mica surfaces are negatively
charged at this pH (monovalent Na+ ions do not efficiently
screen the negative surface charge of mica because they keep
their hydration shells66), a high amount of hydrated Na+

cations are expected to adsorb onto surfaces as outer-sphere
species,68 resulting in strong repulsive short-range hydration
forces.69 These forces prevent the mica surfaces from coming
into direct contact (as the energy required to dehydrate and

Figure 2. (A) Shift in HPs in representative forces (F) measured as a
function of distance (D) between two mica surfaces in MilliQ water
and in 50 mM pimelic acid solutions (pH 2.7 and 8.4). All
measurements were performed with the same set of mica surfaces in
the same contact region. F was normalized with the radius of
curvature (R); (B) HPs in force measurements between two mica
surfaces in DA solutions at low and high pH as a function of number
of carbon atoms C in DA molecules, determined at an applied load of
∼35 mN/m (and 10 mN/m for each water reference). Top and
bottom panels show measurements for two duplicate experiments
with the same conditions separately (set 1, set 2; see Table S2 for
solution conditions). For each DA solution, a new set of mica surfaces
was used, and forces were measured first in H2O, then in low-pH (1.4
for C2, 2.0 for C3, 2.7 for C4−C7) solution, and last in high-pH (8.3)
solution. The HP for each experiment was shifted to set the HP in
water at 0 nm (optical “zero” separation).
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squeeze-out surface adsorbed Na+ is relatively high68,69) and
caused the observed shift in the HP to larger separations.
The shifts in hard wall positions measured for high-pH DA

solutions are in most cases slightly larger than the HP shifts in
the inorganic high-pH control (Figure 2B), suggesting the
enhanced accumulation of DA anions close to the mica
surfaces in comparison with Cl− in the control. As both mica
and dicarboxylic anions are negatively charged in this case, the
DA coions should be depleted in the interlayer region.70

However, it is possible that a small proportion of DA
molecules remain in the interlayer by forming complexes
with Na+. The association of monovalent ions with
deprotonated −COO− groups of DAs is rather weak (with
pKa for formation of bulk NaX− complexes generally <1, as
reported by Daniele et al.;71 see Table S6), and these species
still remain negatively charged; however, binding to surface-
adsorbed Na+ (possibly indirectly via water bridges72) would
most likely explain the possible enhanced accumulation of DAs
in the electrical double layer (EDL) with respect to Cl−. We
suggest only very minor adsorption of DA at high pH in the
presence of Na+: If DAs bound very strongly to the mica, we
should have been able to observe an effect of the increasing
hydrophobicity for larger DAs reflected by a reproducible
correlation between HP shifts and the number of C atoms in
aliphatic chains of DA. Nevertheless, we did not observe such
correlation (Figure 2B).
Adhesion and Forces Measured at Low pH. Adhesion

forces measured with SFA provide direct information about
face-specific aggregation behavior of mica surfaces and are
closely related to the mica interfacial structure.66,69 In general,
mica surfaces in water attract each other because of van der
Waals (VdW) interactions, as indicated by the high measured
pull-off forces (force required to separate the surfaces from
adhesive contact) plotted in Figure 3A. Ions and molecules
present at interfaces in substantial concentrations can,
however, decrease the surface adhesion, as moderate
compressive pressures (< 50 mN/m) are often insufficient to
displace strongly adsorbed species from the interfacial region.
Because mica used in this work is a natural mineral, the
adhesion values measured between individual pairs of mica
surfaces may vary depending on their surface characteristics.
To facilitate the comparison of adhesion measured for different
pairs of mica surfaces, we report the reference adhesion
measured in water for each mica pair used in this work (see the
Materials and Methods section and Supporting Information,
Tables S2-S4).
Figure 3A shows the comparison of the adhesion (pull-off

forces) measured on retraction in low-pH DA solutions:
adhesion was the highest for C4−C7 DA (pH ∼2.7), lower for
C3 (pH 2.0), and not detected for C2 (pH 1.4). The same
trend was observed for the corresponding pH inorganic control
experiments (yellow areas in Figure 3A; pull-off force in pH 1.4
control was <1 mN/m), pointing to a strong influence of
surface adsorbed protons on mica adhesion. These strongly
bound hydrogen species, together with associated anions,
persist in the interfacial region despite compressive loading and
effectively decrease the adhesion (as compared to the water
reference) arising from attractive VdW forces.63,65 We
expected that substantial amounts of surface-bound DAs
should further decrease the measured pull-off forces in
comparison with the smaller Cl− anions in pH-control
experiments. This was observed for malonic acid C3 (adhesion
was lower than for the corresponding inorganic pH 2.0

control), and for oxalic acid C2 (no adhesion compared to very
small adhesion in pH 1.4 control). For larger DAs C4−C7, at
higher pH 2.7, this effect was less evident: the measured pull-
off forces were only slightly lower than for the inorganic pH
control. These findings are in line with the previous analysis of
HP shifts: it is more likely that charged HX−− DA species
(abundant for C3 and C2; see DA speciation in Figure 3B)
adsorb more strongly onto mica surfaces (slightly positively
charged at low pH) than dominantly neutral C4−C7
molecules. No effect of the increasing DA chain length on
adhesion for C4−C7 again points to very weak adsorption of
neutral DAs at low pH.
Forces at higher separations ( D > 3 nm) provide

information about the structure of the diffuse layer part of
EDL and allow us to estimate the mica surface potential in a
given solution.70 Full force−distance profiles measured

Figure 3. Forces measured in low-pH DA solutions (50 mM). (A)
Adhesion (pull-off force) as a function of a number of carbon atoms
C. For each acid, a new set of mica surfaces was used, and experiments
were performed in duplicate (sets 1 and 2). Adhesion in MilliQ water
is shown as a reference (and was measured in the same contact as in a
given DA solution in each experiment). Yellow-shaded areas show
adhesion in inorganic control solutions at a corresponding pH (pH
1.40 for C2, 2.00 for C3, and 2.70 for C4−C7; adjusted with HCl).
The orange center lines show the average measured adhesion for each
pH control solution, and the box thicknesses represent the standard
deviation of the measured adhesion; (B) speciation of DA in low-pH
solutions used in A, calculated in PhreeqC software using dissociation
constants summarized in Table S5 (X is an organic anion); (C)
representative force−distance curves measured on approach corre-
sponding to the data shown in panel A. Forces measured in inorganic
pH-control solutions are marked with empty symbols along with
corresponding DLVO fits (shaded areas; the areas were made thicker
for better visibility; the Hamaker constant used was 2.2 × 10−20 J73).
Theoretical (λD) and experimental (λEXP) Debye lengths are indicated
for all curves. DLVO calculations along with fitted surface potentials
are shown in Supporting Information; Table S7, eqs S1-S3.
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between two mica surfaces in DAs and pH-control solutions on
approach in low-pH solutions are plotted in Figure 3C. For
C4−C7 DA solutions, the ionic strength was very low (∼2
mM), and we measured a weak EDL repulsion followed by an
adhesive VdW jump-in. The measured repulsion corresponds
to low mica surface potentials, ψ0, of 26 to 37 mV, depending
on DA; see Table S7 and eqs S1-S3. For these larger DAs,
there were no short-range steric repulsive components at small
separations close to HPs. C3 malonic acid solutions, with a
higher ionic strength of ∼10 mM, displayed correspondingly
stronger EDL repulsion (ψ0∼55 mV). Pronounced EDL
repulsion with high fitted ψ0of ∼88 mV was measured in the
presence of C2 oxalic acid (IS ∼40 mM) followed by short-
range steric repulsion at small separations <2 nm.
Forces measured in DA solutions show quite good

agreement with the corresponding pH-control runs in terms
of fitted surface potentials and Debye lengths (indicated in
Figure 3C and Table S7) and can be quite well described with
the DLVO theory.70 As the fitted surface potentials for DA
solutions were very close to the ones measured in HCl, we may
exclude the strong, inner-sphere bonding of DAs on mica
surfaces suggested previously for kaolinite24 because DA
surface complexation would have strongly affected the
measured repulsion and fitted ψ0. Neutral DA species did
not influence the measured forces to any observable extent.
The short-range nonDLVO steric repulsion evidenced at small
separations (D < 2 nm) in C2 and low pH 1.4 control was
related to the surface structure formed by proton-bonded
anions,63 as discussed previously.
Previous batch adsorption experiments generally point to

higher amounts of clay-adsorbed DAs at low pH.23,24 Many
studies have attributed this pH-dependent phenomenon to
amphoteric hydroxyl groups at clay edges, which are positively
charged at low pH.1,21,25,26 However, our results highlight the
importance of the negatively charged basal mica surfaces,
which also display pH-dependent behavior. Although these
surfaces have permanent negative charge because of structural

ionic substitutions,38 the adsorbed hydrogen species still
significantly affect the diffuse double layer potential as they
screen the mica surface charge at pH ∼3−464,67 and contribute
to positive surface potentials at lower pH values. Although
under natural conditions the ratio between basal surfaces and
broken edge surfaces may be very variable, basal planes can
also act as important, pH-dependent bonding sites for organics.
This is in line with the findings of Newcomb et al.,27 who
showed pH-dependent binding of −COOH functional groups
to mica basal surfaces.

Repulsive Forces Measured in the Presence of Na+.
Forces measured in pH 8.3 DA solutions (with fully
dissociated organic anions) were always repulsive, both on
approach (as shown in Figure 4A) and on retraction. At this
high ionic strength (IS ∼0.15 M), the EDL is significantly
screened, and we could detect relatively strong repulsive EDL
forces only at small separations, D < 3 nm. At even smaller
distances, D < 1 nm, we measured an additional short-range
repulsion with small decay lengths of ∼0.3−0.5 nm, as shown
in Figure 4A. This steric repulsion can be explained solely by
the dehydration of Na+ bound as the outer-sphere and
hydrated species in the Stern layer,62,68 as it was also measured
for the pH 8.3 NaCl control experiment with the same ionic
strength as the DA solutions.
However, in contrast to DAs, forces measured in the high-

pH NaCl control exhibited a small adhesion (pull-off force of =
3.2 ± 1.5 mN/m; Figure S1). The stronger repulsion for DA
solutions than in the controls can be explained by the presence
of divalent DA anions (only ∼25% of DA anions are associated
with Na as NaX− complexes74) as predicted by the DLVO
theory (disjoining pressures are generally higher at a given
separation for 1:2 vs 1:1 electrolyte with the same IS75).
Alternatively, if DAs associate with Na+ in the interlayer region,
the steric hydration repulsion might have been stronger in the
presence of these complexes than for Na+ alone in the NaCl
pH-control experiment. This is in line with the findings of
Kobayashi et al. (2017),72 who demonstrated indirect

Figure 4. Force measurements in high-pH (8.2−8.4) DA solutions; pH adjusted with NaOH. (A) Representative force-distance curves (set 2)
measured on approach. Forces were repulsive in all high-pH DAs, but inorganic control (NaCl; pH 8.3, IS = 0.15 M) showed small adhesion (pull-
off force = 3.2 ± 1.5 mN/m; Figure S1). Ionic strength (IS) assuming no Na+ complexation by DA was 0.15 M, and ∼ 0.13 M correcting for NaX−

complexes, where X−2 is a fully dissociated DA anion (see Table S6); the red line indicates the DLVO fit for the inorganic control (IS = 0.15 M
NaCl) with a theoretical Debye length (λD) = 0.79 nm and a fitted surface potential ψ0 = −50 mV, see eq S1. Grey line marks additional repulsive
force components at D < 1 nm, with exponential decay of ∼0.3 nm. Shaded areas mark EDL repulsion and short-range repulsive regions for
readability; (B) experimental Debye lengths (λEXP) measured on approach in DA solutions shown in panel A as a function of a number of carbon
atoms in DA molecules. λEXP were fitted in the EDL region (D > 2 nm). For each DA, forces were measured with a new set of mica surfaces. The
black dashed line shows average experimental λEXP for the control measurements in NaCl (pH 8.3, IS = 0.15 M). The red dashed line corresponds
to theoretical λD at IS = 0.15 M (Eq S3), and the pink shaded area shows theoretical λD corrected for Na+ complexation by DA (see Table S6 with
the used association constants).
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adsorption of carboxylic acids via water bridging between
deprotonated −COO− and Na+ adsorbed on the mica surface.
Stronger repulsion between illite clay particles at basic pH
(8.5) in the presence of oxalate anions (C2) and Na+ than in
NaCl solutions of the same IS has been observed by Jiang et al.
(2012)52 in batch colloidal stability experiments. Interestingly,
the authors measured a very similar aggregation behavior both
at low (5.5) and high (8.5) pH Na-oxalate solutions despite
the possible stronger inner-sphere complexation of DA anions
at edge surface sites at low pH. This suggest that oxalate can
also bind effectively to clay surfaces at higher pH values,
pointing to likely adsorption of oxalate on the basal clay
surfaces at high pH and in the presence of Na+. Higher, Na+-
induced adsorption of humic acid onto clays has been also
observed by Rashid et al.30 in batch adsorption experiments
and attributed to higher proportion of humic acid bonded via
VdW forces because of more pronounced EDL screening at
higher ionic strengths.
Figure 4A also shows forces measured at larger separations,

in the EDL region. The forces are in quite good agreement
with DLVO theory despite of the high ionic strength of the DA
solutions (IS ∼0.15 M, see Table S8). Fitted Debye lengths
(λEXP) plotted in Figure 4B are only slightly larger than the
theoretical Decay lengths (λD) calculated based on the ionic
strengths (IS; see eq S3), especially for C4−C7 DAs. The
repulsive forces that we measured were strong, with the fitted
surface potentials ψ0 of −65 to −85 mV (we did not fit the
surface potentials very precisely as used solutions are mixtures
of mono and divalent cations and anions,70 see eq S1), which
agrees with the poor charge-screening properties of hydrated
Na+ counterions.66 Larger Debye lengths (λEXP) measured for
C2 and C3 DAs might likely point to additional repulsive force
components related to stronger adsorption of these two
smallest DAs. Stronger sorption of oxalate in contrast to other
carboxylic acids has been also reported for kaolinite by Ward &
Brady.50

Ca2+-Promoted Attractive Forces. Because Ca2+ forms
much stronger complexes with carboxylic groups of organic
molecules than monovalent ions such as Na+, Ca2+ is known to
affect the adsorption of organic species onto mineral surfaces
in a major way, most often by forming cation bridges between

two negative charges.21,23,33,40,42 Moreover, Ca2+ significantly
impacts clay aggregation in inorganic systems.76,77 We
therefore re-examined forces acting between mica surfaces at
high pH in the presence of varying amounts of Ca2+ both in
DA solutions (with pH adjusted with NaOH and partially with
Ca(OH)2) and in inorganic NaCl − CaCl2 control solutions
with the same Ca:Na ratio (see Table S3). The formation of
complexes is prevalent at high pH, when DAs are fully
dissociated71,78−80 (see Table S6).
Figure 5A shows the comparison of pull-off forces measured

in inorganic control and C6 adipic acid solutions at high pH in
the presence of Ca2+. In all cases, the measured adhesion
increased with the increasing Ca2+ concentration. Even 1 mM
of Ca2+ (Ca:Na = 1:99) was sufficient to induce adhesion
(pull-off forces <1 mN/m) between mica surfaces (in contrast
to the repulsive forces measured in high-pH DA solutions with
Na+as the only inorganic cation). This stronger attraction was
also evidenced by small VdW jump-in instabilities measured on
approach for all solutions (Figure 5B). Although similar
correlations between pull-off force and Ca2+ concentration
could be observed both for inorganic control and DA
solutions, the adhesion between mica surfaces was lower in
the presence of organic anions. This effect became especially
evident at higher Ca2+ concentrations (Figure 5A).
Mica surfaces are known to attract each other strongly in the

presence of Ca2+ ions because divalent ions, both residing in
the diffuse layer and adsorbed onto the surface, screen the
negative surface charge of mica very efficiently. This effect is
especially pronounced at 0.01−0.1 M Ca2+ concentrations, at
which surface charge can be almost completely screened by
counterions, leaving attractive VdW forces to dominate at all
surface separations.77 Parsons and Ninham (2010)74 deter-
mined that the negative mica surface charge is neutralized at
Ca2+ concentrations as low as 20 mM in Ca(NO3)2 solutions.
In addition, ion correlation forces between surface adsorbed
Ca2+ are known to further enhance attractive forces between
mica surfaces at separations <3 nm.76,77 This is in line with our
findings, as the double layer repulsion was measurable at 1 mM
Ca2+ (see forces plotted for surface separations <5 nm in
Figure 5B), but barely detectable for 5 and 20 mM Ca2+

concentrations, both in inorganic control experiments and in

Figure 5. (A) Adhesion (pull-off force) measured in high-pH (8.3) adipic acid (C6) solutions as a function of Ca2+ concentration (pH adjusted
with 1, 5, and 20 mM of Ca(OH)2 and further with NaOH to pH 8.3−8.4; see solution parameters in Table S3). Circle and diamond symbols
represent control measurements without added DA but with the same content of Ca2+ and the same ionic strength. The blue-shaded region on the
left side on the plot shows the reference adhesion force measured in pure MilliQ water at the beginning of each experiment; (B) the hardwall
position as a function of applied load corresponding to the measurements shown in subplot A. Only measurements on approach are shown. HPs for
each representative force measurement were shifted so that the HP measured initially in water was located at 0 nm to facilitate the comparison
between different pairs of micas. The arrows mark attractive VdW jump-in instabilities.
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C6 adipic acid solutions. Moreover, the adhesion in 20 mM
Ca2+ was enhanced with respect to water (Figure 5A).
Effect of Ca2+ on Binding of Dicarboxylic Anions to

Mica Surfaces. The decrease in pull-off forces in comparison
with the inorganic controls observed in adipic acid solutions
(Figure 5A) suggests that the mica surface composition was
influenced by the presence of C6 anions. This effect could have
been simply related to the reduced amount of free Ca2+

because of complexation with −COO− groups of adipic acid
and thus a smaller amount of Ca2+ accessible for adsorption
onto mica surfaces. The association between Ca2+ and C6 is
rather strong79 (see Table S6), and PhreeqC modeling81

indicates that ∼50% of the bulk Ca2+ is bound with C6 anions
as neutral CaH8C6O4 species for all Ca

2+ concentrations. The
formation of positively charged CaH9C6O4

+ in the bulk is
negligible.71,78 As the bulk solution speciation modeling does
not consider any surface specific effects, it is likely that adipic
acid could complex with excess surface-adsorbed Ca2+ via
cation bridging.52,72 Coions within a diffuse layer region are
generally expected to have a major effect on the interfacial
structure if the counterions have very efficient surface charge

screening properties (as in the case of Ca2+ or Cs+ but not
poorly charge-screening Na+).66 In our work, the interpretation
of enhanced adsorption of adipic acid anions in the EDL,
facilitated by surface-bound Ca2+, is further supported by a
pronounced shift of the hardwall positions to larger separations
in all C6 solutions (in comparison with the inorganic control
experiments having the same Ca:Na ratio, but Cl− as anions),
as plotted in Figure 5B. We therefore suggest that adipic anions
are likely to bind electrostatically to mica surfaces via Ca2+

cation links and that the lower adhesion measured in C6
solutions was due to adipic acid anions complexation both in
the bulk and in the interfacial region.
We further examined forces acting between mica surfaces in

the presence of 5 mM Ca2+ for all C3−C7 DAs (Figure 6; C2
could not be used because of the immediate precipitation of
calcium oxalate). This time, however, we used the same pair of
mica surfaces to compare adhesion and possible binding of
DAs for all C3−C7 anions. To assess the stability of DA
adsorption, we rinsed the surfaces thoroughly with MilliQ
water and measured forces in water after each used DA
solution, as shown in Figure 6A (the solution injection

Figure 6. Forces measured in pH 8.3 DA solutions with 5 mM Ca2+. pH was adjusted with Ca(OH)2 and further to 8.3 with NaOH (see the
solution composition in Table S4); (A) Adhesion (pull-off forces) measured in MilliQ water and in C3−C7 DA solutions shown in the order of
solution injection. All forces were measured in the same contact region between mica surfaces. Adhesion in H2O did not vary, indicating a lack of
strong adsorption of DAs onto mica surfaces, irrespective of the DA carbon chain length. Error bars show pull-off force variation in minimum five
consecutive force-runs for each solution. Pull-off forces measured in the inorganic 5 mM Ca2+ NaCl experiment with the same Ca:Na ratio are
indicated with the yellow line (the dashed yellow line shows the average value, and the shaded area is standard deviation); (B) hardwall positions as
a function of applied load corresponding to the measurements shown in subplot A. Only force−distance curves on approach are displayed. All HPs
are plotted with respect to the HP initially measured in H2O, which was set to 0 nm at maximum load. HPs measured in all H2O runs (blue-shaded
area) were the smallest (the injection sequence is indicated with numbers, and two HPs are marked for the seventh injection as the HP in this
solution slightly changes over the course of experiment because of instrumental drift or slower desorption of organic acids). HPs in C3−C7
solutions were always measured at larger separations; (C) layering, VdW, and EDL regions shown for representative forces measured as a function
of surface separation in C5−C7 DA solutions corresponding to the data shown in subplot B; (D) comparison of layering features in C7 DA
solution for forces measured with high (red) and low (blue) applied load. Similar behavior was also observed for C6.
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sequence is indicated on the x-axis). The adhesion measured in
DA solutions was in all cases lower than that in water, with the
smallest pull-off forces in C3 and C4 solutions. For these two
DAs, the adhesion was also weaker than that in the inorganic
control experiment, suggesting stronger adsorption/complex-
ation of C3 and C4 dicarboxylic anions on mica surfaces than
for the larger C5−C7 DAs. The bulk Ca2+ association
constants (CaX complexes) for all DAs are comparable (e.g.,
pKa = 2.24 for C471 and pKa = 2.19 for C6;79 see Table S6). As
such, the differences in bulk Ca2+ complexation cannot explain
more than two times lower adhesion measured in C3−C4 than
in C5−C7. Most likely, the variation in the measured pull-off
forces was related to stronger binding of smaller C3 and C4
anions onto mica surfaces.
Stronger binding of smaller DA anions is additionally

supported by HP shifts plotted as a function of applied normal
load in Figure 6B: At loads >20 mN/m, shift in HPs generally
follows the adhesion values (shown in Figure 6A) as largest HP
shifts to higher separations were measured for C4 and C3 DAs,
and smaller HP shifts were measured for C5−C7 DAs. This
indicates that adsorption of C3 and C4 DAs prevented mica
surfaces from coming into direct contact to a larger extent.
Interestingly, at loads <20 mN/m, forces measured for the
most adhesive C5−C7 DAs displayed distinct layering features
that were not related to attractive VdW forces (VdW jumps-in
are measured at larger separations, see Figure 6C). Figure 6B
shows explicit layering for C6 and C7 DAs (as reproducible 5
Å jumps-in), while for C5, similar layering features were
observed at smaller applied load (Figure 6C). We interpret
these sudden attractive jumps-in as squeezing-out events,
during which adsorbed molecular layers of DAs are removed
from the contact region. Because we did not observe such
features in inorganic control experiments, the squeezed layers
must have been composed of DA molecules. After the jump-in
events, the HPs still remained substantially shifted with respect
to the water reference (Figure 6B). This suggest that DAs were
not fully displaced from the interlayer. As we measured jumps-
in only for the largest, more hydrophobic DAs, it seems
plausible that the squeeze-out events corresponded to the
removal of outer DA layers, which were bound to the surface-
adsorbed DA molecules by weak hydrophobic interactions
between aliphatic backbone chains of the DA molecules in a
self-assembly fashion. The first layers of DAs were instead
adsorbed on mica surfaces electrostatically via Ca2+ cation
bridges.
The intermediate runs in H2O after each DA helped us to

assess the strength of the adsorption of DAs onto mica surfaces
in the presence of Ca2+ (Figure 6). Figure 6A shows that pull-
off forces in H2O always went back to a similar level (∼120
mN/m) after measurements in each DA solution, indicating
that the adsorption of DAs was weak, because DAs could be
easily rinsed away from the mica surfaces by water. This is
further evidenced by the HPs in H2O, which were always
measured at smaller distances (∼1 nm less) than HPs in DA
solutions (Figure 6B). As such, DA anions are most likely
adsorbed onto mica surfaces by relatively weak electrostatic
forces via Ca2+ cation bridging (such indirect adsorption is
weak as the bridging Ca2+ cations remain hydrated82). In
addition, larger DAs can be further adsorbed by even weaker
hydrophobic chain interactions with the first, surface-bound
DA layers.
Hydrophobic Effects. Adsorption of outer layers of C6

and C7 dicarboxylic molecules, which bind to the first layer of

DAs (adsorbed on mica basal surfaces via Ca2+ cation bridges)
through hydrophobic assembly of aliphatic chains, can be
further supported by the unstable character of DA molecules
trapped in the interlayer region as illustrated in Figure 6D:
when we compressed mica surfaces to loads just below the
level for attractive jump-ins and immediately started to
separate the surfaces, the same 5 Å-thick layer was still
displaced from the contact region, but now minutes later,
during retraction (as evidenced by a jump-in during
decompression). This indicates that the layer of DA molecules
was thermodynamically unstable at a given separation but
required some time to diffuse out of the contact region when
not aided by the movement of the compressing surface. These
layers could have been likely composed of neutral CaX
complexes, explaining their weak hydrophobic binding to the
first layer of electrostatically adsorbed DA molecules in the
interlayer region. We did not observe such events for smaller
C5 DA, which had layering detected at lower applied load.
Interestingly, although binding of smaller C3 and C4 DAs to
mica seems stronger (as indicated by lower adhesion values;
see Figure 6A), the adsorbed amount of more hydrophobic
C5−C7 DAs may be larger because of the observed multilayer
adsorption via assembly of hydrophobic chains. The binding of
excess DAs via hydrophobic interactions with the first layer of
adsorbed organic molecules on the kaolinite surface has been
also suggested by Kang and Xing (2007),23 who observed a
higher amount of adsorbed longer-chained than shorter-
chained DAs.
We did not detect any layering features for the smaller C3

and C4 DAs within the used range of applied loads (<50 mN/
m; Figure 6B). These two DAs showed a continuous decrease
of the HP with stronger compression, suggesting progressive
squeezing out of the surface adsorbed organic species from the
interlayer region. The squeezing-out process gives rise to short-
range repulsion as energy is required to displace the adsorbed
molecules from the contact region. Repulsive forces were
stronger for C3 and C4 than for C5−C7 DAs, as evidenced by
the absence of layering at loads <50 mN/m. In contrast, no
short-range repulsion was present for the measurements in
H2O between each DA solution, as reflected by the negligible
change in HPs despite the increasing applied load (blue-
shaded area in Figure 6B).

Implications for Clay Aggregation. Our SFA force
measurements provided face-specific information about
attractive and repulsive interactions between muscovite basal
surfaces in the presence of −COOH-laden DAs and two soil-
abundant cations, Na+ and Ca2+. The inorganic cations showed
a contrasting effect both on forces and on DA adsorption:
Monovalent Na+ promoted repulsive interactions between
mica surfaces and did not significantly enhance adsorption of
DAs onto basal plane mica surfaces. On the other hand,
divalent Ca2+ induced not only strong attractive forces between
mica surfaces but also facilitated binding of DAs by cation
bridges. Thus, Ca2+ provides binding sites even for highly
soluble, low-molecular-weight organics with −COOH func-
tionalities, while Na+ does not facilitate their substantial
adsorption. We showed that even very small Ca:Na ratios are
sufficient to reduce EDL repulsion and induce adhesion
between mica surfaces, pointing to preferential adsorption of
Ca2+ on mica surfaces. Furthermore, in the absence of other
cations, H3O

+ species at low pH can cause mica charge reversal
and lead to electrostatic adsorption of anionic DAs. These
findings underline the importance of charge screening ions for
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face-face clay aggregation and for adsorption of negatively
charged organic species onto clay surfaces: Although clay faces
have strong negative structural surface charge, it is the
remaining surface potential in the Stern layer, unscreened by
cations, that will determine aggregation and binding capacities
of the basal plane clay surfaces.
Ca2+ has an intricate effect on clay−organic matter binding.

Our results showed that even a small proportion of calcium
ions with respect to sodium can cause strong aggregation of
clay particles, while organic species counteract this effect by
adsorbing to surface-bound Ca2+. Other studies suggest that
calcium-promoted adsorption of organic molecules may even
drive complete disaggregation provided that the organic
species diffuse into the aggregates and render clay surfaces
negatively charged, or if their strong adsorption induces steric
repulsion between clay platelets.6,45,46,83,84 At high Ca2+

concentrations, both organic molecules and clay surfaces may
become positively charged because of excess calcium binding,
making Ca2+ bridges ineffective and preventing any adsorption
of organic molecules onto clay surfaces altogether, as observed
for polycarboxylate molecules by Wu et al.85 Thus, the degree
of Ca2+-induced aggregation will be largely sensitive to Ca2+

concentration, complexation strength, speciation, surface
charge, and other environmental factors. Conversely, inert
cations, such as Na+, may induce more severe disruption of
organoclay aggregates.27,86

In all cases, we measured only weak and reversible
adsorption of DAs from aqueous media onto mica surfaces.
This is in line with previous studies suggesting that small
dicarboxylic or carboxylic acids adsorb to clay surfaces
dominantly as outer sphere, weakly bound species.21−24 Our
results indicate that even in the presence of Ca2+, the surface-
adsorbed DAs could be easily removed, simply by rinsing the
surfaces with water. This in line with other studies that suggest
that higher-molecular-weight organic species with multiple
reactive functional groups can adsorb onto clay mineral
surfaces with a higher affinity and in a more stable way, and
are more important for the formation of clay-organic matter
aggregates.20 Strong sorption of organic species onto clays may
be also conditioned by wetting−drying cycles in soils, with
weaker adsorption from the aqueous phase followed by
stronger surface complexation during drying, as suggested by
Kang and Xing (2007)23 for sorption of DAs onto kaolinite
and montmorillonite. Nevertheless, by resolving nanoscale
forces acting between mica surfaces, we showed that even a
small amount of adsorbed low-molecular-weight and highly
soluble DAs with longer aliphatic chains can render basal clay
surfaces more hydrophobic and significantly alter the surface
properties of the basal clay surfaces.

■ CONCLUSIONS
Our face-specific SFA force measurements indicate that soluble
DAs with varying degree of hydrophobicity adsorb on
muscovite mica basal surfaces only by weak forces including
electrostatic, hydrophobic, and likely hydrogen bonding. No
inner-sphere bonding of DAs was detected, even at the lowest
pH. In low-pH solutions, major electrostatic adsorption of
negatively charged oxalic and malonic acids was observed for
positively charged, protonated mica surfaces. Neutral DAs
(glutaric to pimelic) adsorbed at low pH to a minor extent,
most likely by hydrogen bonding, as evidenced by little change
in adhesion as compared to control experiments. At higher pH,
DA adsorption was affected by the type of background cations:

Forces measured in the presence of Na+ suggest only minor,
indirect binding of dicarboxylic anions onto mica surfaces,
likely with higher adsorption measured for the smallest oxalate
and malonate anions. Ca2+ promoted adsorption of dicarbox-
ylic anions to a larger extent, via cation bridging. Our results
show that calcium-induced DA anion binding was more
efficient at higher Ca2+ concentrations (5 and 20 mM), at
which the negative surface charge of mica was screened, and no
double layer repulsion was detected. We additionally resolved
multilayer adsorption of DAs via weak hydrophobic forces in
the presence of Ca2+, however, only for the larger DAs with five
to seven C atoms. In all cases, the adsorption of DAs led to a
decrease in adhesive forces measured between basal mica
surfaces. This finding indicates that even weak, outer-sphere
adsorption of small organic molecules onto basal surfaces can
decrease adhesion between clay particles. Our face-specific
measurements underline that tetrahedral mica surfaces display
variable surface charge in the presence of protons and
inorganic cations, which facilitate binding of organic molecules
onto these negatively charged surfaces to various extents. Na+

background cations demonstrate an adverse effect of
monovalent cations on clay-organic aggregation. Conversely,
divalent Ca2+ at moderate concentrations may promote
organomineral aggregate formation.
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