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The equilibrium between hydrated and hydrolysed forms of CO2 in water is central to

a multitude of processes in geology, oceanography and biology. Chemistry of the

carbonate system is well understood in bulk solution, however processes such as

mineral weathering and biomineralisation frequently occur in nano-confined spaces

where carbonate chemistry is less explored. For confined systems, the speciation

equilibria are expected to tilt due to surface reactivity, electric fields and reduced

configurational entropy. In this discussion paper we provide measurements of

interaction force between negatively charged aluminosilicate (mica) sheets across

aqueous carbonate/bicarbonate solutions confined to nanoscale films in equilibrium

with a reservoir of the solution. By fitting the measurements to a Poisson–Boltzmann

equation modified to account for charge regulation at the bounding walls, we discuss

features of the bicarbonate speciation in confinement. We find that (i) the presence of

bicarbonate in the bulk reservoir causes a repulsive excess pressure in the slit compared

to pH-neutral salt solutions at the same concentration, arising from a higher (negative)

effective charge on the mica surfaces; (ii) the electrostatic screening length is lower for

solutions of Na2CO3 compared to NaHCO3 at the same bulk concentration, due to

a shift in the speciation equilibria with pH and in accordance with Debye–Hückel

theory; (iii) hydration forces are observed at distances below 2 nm with features of size

0.1 nm and 0.3 nm; this was reproducible across the various bicarbonate electrolytes

studied, and contrasts with hydration forces of uniform step size measured in pH-

neutral electrolytes.
Introduction

Carbonates play a key role in regulating Earth's carbon cycle and oen serve as
a reliable record of the co-evolution of Earth and life. The geological formation of
carbonate minerals is highly sensitive to variations in calcium and magnesium
concentrations. Even subtle changes in the relative abundance of these ions can
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shi the delicate balance of electrostatic interactions, hydration forces, and
mineral formation and dissolution kinetics, favouring the precipitation of
specic polymorphs such as calcite, aragonite, or dolomite.1,2 Likewise, life on
Earth has evolved intricate and diverse mechanisms to control carbonate
mineralization. Organisms such as corals, mollusks, and plankton actively
mediate carbonate mineral formation by regulating local ion concentrations and
pH, enabling the construction of shells and skeletons.3 In addition to the struc-
tural role of biomineralisation, the carbonate–bicarbonate system is also one of
the most fundamental acid–base regulation systems in biology. It is widespread
among life forms ranging from vertebrates and microbes, where it serves as
a buffer system to maintain pH balance,4 to algae and plants, where it is used to
produce dissolved CO2 as an alternative carbon source for photosynthesis.5

In aqueous environments, sodium carbonate and bicarbonate solutions consti-
tute an acid–base buffer system. Dissolved inorganic carbon (DIC) does not exist as
a single species but as a dynamic equilibrium among carbonic acid (H2CO3), bicar-
bonate (HCO3

−), and carbonate (CO3
2−), whose relative abundances are governed by

the bulk pH through the following equilibria (at T = 298 K):

H2CO3ðaqÞ þH2OðlÞ#HCO3
�ðaqÞ þH3O

þðaqÞ K1 ¼ 4:3� 10�7

HCO3
�ðaqÞ þH2OðlÞ#CO3

2�ðaqÞ þH3O
þðaqÞ K2 ¼ 4:8� 10�11

(1)

The equilibrium constants6 (or acid dissociation constants) determine the
speciation of carbon: carbonic acid dominates under acidic conditions, bicar-
bonate prevails in the near-neutral range, and carbonate ions become signicant
at high pH. The fractional abundances of each species as a function of pH are
illustrated in Fig. 1(a), which highlights the transition from H2CO3 to HCO3

− and
nally to CO3

2− with increasing pH.
Many geological and biological processes involving carbonates, such as

weathering and biomineralisation, occur within conned environments. The
interfaces and conning geometry imposed by mineral pore spaces or biomo-
lecular matrices such as liposomes or extracellular uid compartments direct
reactivity towards distinct pathways.3 Such connement appears to strongly
Fig. 1 (a) Fractional concentrations of the three dissolved inorganic carbon (DIC) species
present in bicarbonate-containing solutions as a function of electrolyte pH. Calculated
using the equilibrium constants as in eqn (1) as shown in the SI. (b) Schematic diagram of
the SFB used to measure interactions between mica sheets across electrolyte solution.
The mica-coated lens setup is immersed in bulk solution, so that confined system is in
equilibrium with a reservoir.
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inuence the nucleation, growth, and dissolution of carbonate,7–9 however the
mechanisms by which this occurs are complex and not fully known.10,11 Electric
elds arising from surface charges, specic chemical interactions with the
conning surfaces, and restricted congurations and limited ion mobility in
conned regions are all likely to play a role. Understanding how charged solid–
liquid interfaces, and degrees of connement, shape the thermodynamic and
kinetic behaviour of carbonate–bicarbonate systems is therefore essential for
linking molecular processes to macroscopic geochemical and biological
outcomes.

In this work we present model experiments representing an idealised conned
geometry: we study aqueous solutions of the carbonate/bicarbonate system
conned to nanoscale lms between two atomically smooth muscovite mica
sheets using a surface force balance (SFB).12 Muscovite mica is well suited to high-
resolution experimental studies of this sort due to its ideal cleavage along the
basal plane revealing an atomically-smooth crystal surface over macroscopic
(zcm2) areas. Muscovite mica is a phyllosilicate clay with overall composition
KSi3Al3O10(OH)2 consisting of tetrahedral–octahedral–tetrahedral (TOT) silicate
layers. 1 out of 4 of the Si atoms in the tetrahedral layers is substituted for Al,
leading to a net negative charge on the TOT lattice which is neutralised by K+ ions
lying between the aluminosilicate sheets.13 When immersed in electrolyte solu-
tions, the surface K+ ions can exchange with cations from the bulk electrolyte. The
adsorbed cations are either directly associated with the aluminosilicate lattice or
retain their primary hydration layer; the latter form the so-called Stern layer.14

However, ions adsorbed (hydrated or otherwise) to mica in aqueous solution
usually do not fully neutralise the surface charge; instead, the surface retains an
effective charge which is neutralised by dissolved ions in nearby solution
extending over a distance characterised by the electrostatic screening length
(kD

−1).15 According to mean-eld descriptions, two particles or surfaces
approaching to distances such that the electrical double layers overlap will
experience an interaction force, always repulsive for two identical surfaces,
arising from the excess osmotic pressure in the conned region. Measurements of
this force/pressure can be tted (in the far-eld) using the Poisson–Boltzmann
equation with appropriate boundary conditions; the result is tted empirical
values for the effective surface potential or surface charge, screening length,
dielectric permittivity, etc. under different solution conditions.

At very strong connement (to surface separations below a few nm), an addi-
tional hydration force is oen measured between two mica sheets across elec-
trolyte solutions.16 In previous measurements, it was found that the nature of the
hydration forces is strongly connected to the ion exchange process. For example,
in acidic solutions there were no hydration forces at all; face-to-face mica sheets
experience an attraction into direct contact as predicted by DLVO theory. On the
other hand, in solutions containing alkali halide salts (LiCl, NaCl, KCl, CsCl)
above a critical concentration an additional short-range repulsion was measured.
These additional short-range forces, or hydration forces, were attributed to the
adsorption of hydrated ions at the mica surface which are not de-hydrated under
the attractive van der Waals pressure between the mica sheets.17–19 Detailed
investigation of the hydration forces revealed that the repulsion is not monotonic,
but instead consists of oscillations with a wavelength close to the size of a water
molecule.16,20,21 The observation of oscillatory hydration force has been
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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accompanied by a heuristic interpretation of ‘squeezing out’ water layers, while
theoretical models more rigorously indicate that oscillations arise from a reso-
nance of the bulk structure in the cavity between the surfaces.22,23

Measurements of interaction forces between mica sheets across a wide range
of electrolyte solutions have been made in the past,17,18,24 revealing trends in the
surface adsorption properties and hydration forces. However, since mica is not
a simple protic surface characterised by a single pK value, the relation between
solution conditions and the adsorption equilibria are ion-specic and quite
complex.25 Here, we report surface force measurements between mica sheets
across aqueous solutions of NaHCO3 and Na2CO3 at different concentrations, and
compare these to literature measurements for KCl. We consider the tted effective
surface charge, screening length, and hydration forces observed. Each of these
appears to be distinctly different in the bicarbonate-containing solutions
compared to KCl; we discuss the role of speciation on surface and colloidal
interactions, and make connections to recent grand-canonical Monte-Carlo
simulations of surface forces in a similar charge regulating system.

Methods

The interaction force, F, as a function of separation distance, D, between atomi-
cally smooth mica sheets in crossed-cylinder conguration and immersed in
aqueous solutions was measured using a Surface Force Balance (SFB).12 When the
radius of curvature of the mica cylinders, R, is much greater than the separation
between them, i.e. R [ D, we can write that F/2pR = W‖ where W‖ is the free
energy of interaction (potential of mean force) between parallel sheets, per unit
area, at separation D (the Derjaguin approximation). This is essentially exact in
our case where R z 1 cm, D z 1–100 nm. For comparison to theory and simu-
lations, W‖ is the excess grand potential since the electrolyte between the mica
sheets is in (electro-)chemical and thermal equilibrium with the reservoir.26

White light interferometry is used to determine D (equivalent to the electrolyte
lm thickness) to 0.1 nm precision and 0.2–0.5 nm accuracy relative to mica–mica
contact; in the present work we present measurements of distance relative to the
closest approach within an experiment which we denote D0. Forces are measured
via deection of a spring in the direction perpendicular to the crossed cylinders'
axes. A schematic of the SFB is provided in Fig. 1(b). Interactions were measured
from z200 nm down to contact, however we present only the region at shorter
distances where non-zero forces were detected. The detailed design and operating
principles of the apparatus have been described extensively elsewhere.12 Details
specic to the present study are as follows. Ruby muscovite mica sheets (S&J
Trading Inc.) were cleaved in a particle-free environment to ensure atomically
smooth surfaces. Themica pieces used had thicknesses between 2–5 mm and were
back-silvered with a 45 nm thick silver layer prior to being mounted on cylindrical
glass lenses using EPON glue. Electrolyte solutions consisted of sodium bicar-
bonate (NaHCO3) and sodium carbonate (Na2CO3) salts obtained in anhydrous
form from Fisher Scientic UK Ltd with a purity of 99.99% (Puratronic®) and
potassium chloride (KCl) obtained from Thermo Scientic with a purity of
99.997% (Puratronic®). The water used was generated from a Milli-Q high-purity
system, with the total organic carbon (TOC) < 4 ppb and a resistivity of 18.2
MU cm. Solutions were prepared at concentrations of 1 mM for KCl, 1 mM and
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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10 mM for NaHCO3, and 10 mM for Na2CO3. The pH of each electrolyte solution
was measured using a calibrated pH meter (HI5221, HANNA® Instruments).

Results and discussion
General features of the force–distance proles

The interaction force (F) as a function of separation distance (D), was measured
between atomically smooth mica surfaces immersed in aqueous solutions of
sodium bicarbonate and sodium carbonate for various bulk concentrations in the
range 1–100 mM. Forces were measured on both approach and retraction of the
surfaces, for distances in the range z200 nm down to 0 nm. A representative
force–distance prole is shown in Fig. 2, for 10 mM Na2CO3. The mica surfaces
experience a repulsive force, measurable from approximately 10–15 nm, which
increases exponentially with decreasing separation down to z2 nm. Below 2 nm,
small jumps inwards are observed, of size 0.1 nm then 0.3 nm. On retraction of
the surfaces a hysteresis is observed in the region of the jumps (spring instabil-
ities) but the force prole becomes reversible again beyond 1–2 nm. At contact or
near-contact separations, 0 < D < 0.2 nm, the interaction force remains repulsive
at all pressures applied; there is no adhesion. Qualitatively similar features were
observed for all bicarbonate electrolytes studied, and can be interpreted in terms
of (reversible) mean-eld DLVO forces at longer range and structural forces, or
hydration forces, at short range arising from the discontinuous squeeze-out of
hydrated ions from the lm between the mica sheets. In the following we discuss
Fig. 2 Interaction free energy per unit area, W‖ = F/2pR, between mica sheets as
a function of their separation distance (relative to closest separation),D0, measured across
10 mM Na2CO3 aqueous solution at 294 K. Interactions measured on approach (blue
curve) and retraction (red curve) are shown. The force profiles are reversible in the range
down to 1 nm, then small steps and a hysteresis are seen (enlarged in the inset). At the
smallest separations the force is again reversible, showing absence of adhesion.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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quantitative differences observed between bicarbonate solutions at varying
concentration and pH, and their comparison to simple salt solutions.
Bicarbonate in the reservoir adjusts the effective surface charge

Fig. 3(a) compares the measured interaction force across 1 mM NaHCO3 to the
interaction force across 1 mM KCl. The range of the interaction, captured by the
exponential decay length, is similar for the two electrolytes. However, the
magnitude of the force is substantially larger in the case of NaHCO3 despite the
same 1 mM bulk concentration. To interpret these observations we consider
a simple model for the mean-eld interaction force between symmetric charged
surfaces across electrolyte, involving a sum of van der Waals and electrostatic
forces. Electrostatic forces are modelled using the Poisson–Boltzmann equation,
expected to be suitable at this low bulk ion concentration, with allowance for
charge regulation as the surfaces approach. To account for the charge regulation
we use a constant regulation approximation,15,27 involving a regulation parameter,
p, taking values between 0 and 1 to interpolate between the limits of constant
potential (CP; p = 0) and constant charge (CC; p = 1).28,29 The total interaction
force including the van der Waals term is:

F

2pR
¼ W k ¼ � A

12pD2
þ 2303rkjeff

2 e�kD

1þ ð1� 2pÞe�kD (2)

where A is the Hamaker constant, 30 is the permittivity of free space, 3r is the
relative permittivity, jeff is the mica effective surface potential (at large surface
separation), k−1 is the screening length. F, R and D are measured in the experi-
ment, A and 303r are known for the system, and jeff, k and p are treated as tting
parameters. k−1 may also be compared to the theoretical Debye–Hückel screening
length, kD

−1 (see below). The tted values for these force proles are shown in
Fig. 3 Interaction energy per unit area measured between mica sheets as a function of
separation distance. (a) 1 mM NaHCO3 compared to 1 mM KCl.21 (b) 1 mM NaHCO3

compared to 10 mM NaHCO3 and 10 mM Na2CO3. In all cases the dashed lines are fits to
eqn (2), with fitting parameters in Table 1. The decay length was treated as a free fitting
parameter and obtained by nonlinear least-squares fitting of the force–distance data for
distances down to 5 nm (1 mM NaHCO3), 3.2 nm (10 mM NaHCO3), 3.5 nm (10 mM
Na2CO3), and 3 nm (1 mM KCl).
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Table 1. The tted screening length k−1 is the same within error for the two
electrolytes and is in accordance with the calculated Debye–Hückel screening
length for a 1 : 1 electrolyte at 1 mM concentration. However, there are two clear
differences between the measured force proles for 1 mM NaHCO3 and 1 mM
KCl: (i) 1 mM NaHCO3 has a larger tted jeff, and (ii) the tted p-values imply
almost constant charge boundary condition for 1 mM NaHCO3 in contrast to KCl
which facilitates charge regulation. We will consider these two observations in
turn.

The difference in jeff between 1mMKCl and 1mMNaHCO3 is unlikely to arise
from the K+/Na+ cations.18 Instead, the origin of the striking difference in jeff is
likely attributed to the higher reservoir pH of 1 mM NaHCO3; the bicarbonate
speciation equilibria, eqn (1), act as a sink for protons and cations, driving the
mica surface adsorption equilibria in the direction of more negative surface
charge. To illustrate this, a simplistic model for the mass-action equilibria
involving mica and its counterions is shown in eqn (3). The equilibrium involves
mica neutralised by adsorbed ions (here M+ implies metal, e.g. Na+ or K+), mica
with hydrated ions adsorbed (oen called the “Stern layer”), and mica holding
a negative charge due to dissolution of counterions into the diffuse part of the
electrical double layer. The mica equilibrium is distinct from that of a protic
surface such as silica, and mica is not normally considered to have a simple
isoelectric point or surface acidity constant. Nonetheless adsorption and surface
charge respond to the bulk electrolyte conditions (concentration, pH) through
multiple coupled processes.

We are not aware of calculations or simulations of the relevant mica equilibria
in the presence of bicarbonate or other pH-buffering solution, although suitable
methods have recently been devised and applied to similar scenarios30,31 as di-
scussed below. Complicating factors include the variation in H+ concentration in
the electrical double layer vs. bulk solution due to the requirement for constant
electrochemical potential between the reservoir and conned/surface regions32

and solvent dielectric variations between the Stern layer and bulk.
Nonetheless, it is clear that the mica surface equilibria are coupled to the

bicarbonate bulk speciation equilibria, eqn (1), through the hydronium ion: an
increase in pH due to the presence of bicarbonate in the reservoir (away from the
surfaces) drives the mica equilibrium in the direction of more negative charge
and higher negative surface potential.

mica�Mþ nH2OðlÞ#mica� �MðH2OÞnþ#mica� þMðH2OÞnþðaqÞ
mica�HþH2OðlÞ#mica� �H3O

þ#mica� þH3O
þðaqÞ (3)
Table 1 Fitting parameters for the datasets shown in Fig. 3. These fitting parameters and
associated errors are relevant for the individual profiles; in the SI we provide fitting
parameters for the multiple force-runs carried out in each solution including across
multiple experiments (different mica sheets)

Parameter 1 mM NaHCO3 10 mM NaHCO3 10 mM Na2CO3 1 mM KCl

k−1/nm 10.2 � 0.2 3.2 � 0.05 2.2 � 0.1 10.0 � 0.2
p 0.85 � 0.10 0.74 � 0.04 0.77 � 0.09 0.75 � 0.04
jeff/mV 87 � 10 64 � 3 35 � 3 58 � 2

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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While the mica-charging and jeff effects discussed above apply to mica–solu-
tion interfaces in general (no connement; D = N), charge regulation is intrin-
sically a connement effect (D / 0). The tted p-values for 1 mM NaHCO3 and
1 mM KCl reveal differences in charge regulation, with 1 mM NaHCO3 closer to
the constant-charge limit and 1 mM KCl displaying more pronounced charge
regulation, albeit with only amodest but systematic difference rather than a sharp
transition between boundary conditions. This is directly apparent on inspection
of the force proles: the curvature of ln(W) vs. D below about 10 nm (i.e. D < k−1)
across 1 mM NaHCO3 is convex, deviating from the plain exponential decay at
larger distances where the boundary condition has little effect on the functional
form. As D decreases in the range D < k−1, the boundary condition (CC or CP) has
an increasingly strong inuence on the interaction. The molecular origin of
charge regulation, for 1 mM KCl, involves adsorption of diffuse-layer ions to the
surfaces as D decreases to lower the overall free energy of interaction. In 1 mM
NaHCO3, on the other hand, there is little charge regulation implying that ions
are not driven to adsorb on the surfaces during compression of the lm; the
surface charge remains constant (and high), giving rise to a steeper increase in
excess pressure. Looking again at the simple mass-action expressions in eqn (3),
we can interpret that, for KCl, the position of equilibrium shis to the le as two
mica surfaces approach whereas in NaHCO3 this is not the case. It may be that, for
KCl solutions, adsorption of H3O

+ onto the mica or incorporation of H+ within it
provides the mechanism for charge regulation whilst this mechanism is not
available at high pH and low ionic strength. A supporting counterexample is the
observation that acidic solutions displayed even stronger reduction of the mica
surface charge during approach of two surfaces leading to attraction and
adhesion.17

The effect of bulk sodium bicarbonate concentration is illustrated by
comparing the 1 mM NaHCO3 measurement to 10 mM NaHCO3 in Fig. 3(b) and
corresponding tting parameters in Table 1. With increased NaHCO3 concen-
tration the surface potential is lower, the range (screening length) is shorter, and
the boundary condition best tting the measurement is with substantial charge
regulation. It appears that, with a higher concentration of Na+ and HCO3

− in
solution, charge regulation is now favoured during surface approach; the 10-fold
increase in solution Na+ concentration appears sufficient to shi the equilibrium
fraction of charged mica sites. Although jeff is lower in 10 mM compared to 1 mM
NaHCO3, it remains substantially higher than in KCl or other 1 : 1 salt solutions at
similar concentration. Therefore the inuence of high pH on effective charge and
jeff remains at this higher concentration. The decrease in screening length is
anticipated within the Debye–Hückel theory; quantitative effects of the speciation
involved are discussed in the next section.
Screening length depends on carbonate speciation

In Fig. 3(b) wemake a further comparison between themica–mica interaction free
energy across solutions of sodium bicarbonate (NaHCO3) and sodium carbonate
(Na2CO3). As anticipated by the speciation equilibria for bicarbonate solutions in
eqn (1), addition of sodium bicarbonate tips the equilibria to the right and the
resulting solution has higher pH; the measured pH and absolute concentrations
of each species in the equilibrium are provided for our experimental scenarios in
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Table 2. The impact of this shi in the speciation equilibria on surface forces is
clear: we see that the absolute magnitude of the repulsion is lower, and the
screening length k−1 is also shorter, for Na2CO3 compared to NaHCO3 at the same
10 mM reservoir concentration. To rationalise the lower k−1 in Na2CO3, we
calculate the theoretical Debye screening length:

kD
�1 ¼

0
BBB@

3r30kBT

1

2

X
i

cie
2zi

2

1
CCCA

1=2

(4)

with e the electron charge, ci the concentration of ionic species i and zi its valence.
Taking the sum over all ionic species present: Na+, HCO3

−, CO3
2− (with H+ and

OH− having negligible concentration), and calculating their concentrations using
the equilibrium constants for speciation as in eqn (1), we calculate theoretical

screening lengths as shown in Table 2. The total ionic strength, I ¼ 1
2

X
cizi2, is

about three times higher in Na2CO3 due to almost 100 times higher concentration
of CO3

2− and the strong inuence of divalent ions on effective ionic strength of an
electrolyte. The result of this is a small decrease in the predicted (theoretical)
screening length, kD

−1, from 3.0 nm to 1.7 nm, which is closely similar to the
decrease seen in the experimental measurements in Fig. 3(b). This effect of
speciation on the observed screening length, well anticipated in classic electrolyte
theory, was clear and reproducible for the single example electrolyte and
concentrations reported here. However we have not yet extended our studies to
higher concentrations, where non-ideality (not taken into account in eqn (4) or
our calculation) is likely to be more signicant, or to other buffering species.
Short-range hydration forces in carbonate/bicarbonate systems

At separations below z2–3 nm, the force–distance proles deviate substantially
from the mean-eld behaviour described in eqn (2) and instead displayed
discrete, reproducible steps in the measured separation indicative of structural
layering transitions in the conned liquid. Two characteristic step sizes were
identied: one of approximately 0.1 nm and another of 0.3 nm. These are shown
Fig. 4 High resolution measurement of the interaction as a function of separation below
z2 nm, in (a)–(c) for each of the solutions discussed above, showing discontinuities
attributed to structural changes in the film. In each case a step of 0.1 nm precedes a step of
0.3 nm.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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in Fig. 4, with one example from each of the bicarbonate solutions studied. The
smaller 0.1 nm step consistently appeared at slightly larger separations,
preceding the 0.3 nm transition during approach. The 0.3 nm step corresponds
closely to the molecular diameter of a water molecule and can be attributed to the
expulsion of a single hydration layer between the approaching mica surfaces,
a phenomenon commonly observed in SFB and AFM studies of aqueous systems
and attributed to structural hydration forces. The smaller 0.1 nm step, however, is
unusual. Its reproducibility across multiple measurements and solution condi-
tions, always when bicarbonate-containing electrolytes are present, suggests
a genuine interfacial event rather than a mechanical or instrumental artefact. The
origin of this 0.1 nm step remains uncertain, one possible explanation is the
partial displacement or rearrangement of hydrated protons or tightly bound ion–
water complexes near the charged mica surface. The fact that this step always
precedes the water-layer squeeze-out supports the idea that subtle protonic or
hydration-shell reorganizations occur before complete dehydration of the
conned region. Further experimental and theoretical work will be required to
uncover its origin.

Conclusions

We have presented initial results for the interaction free energy, derived from
direct force measurements, between muscovite mica sheets across aqueous
solutions of carbonate and bicarbonate salts and in equilibrium with bulk solu-
tion. The results are explained using classical theories for colloidal interactions
incorporating electrostatic/entropic and van der Waals terms, except for the
hydration forces observed at very short distances. Quantitative comparison to
simple salt solutions reveals a strong inuence of pH on the surface effective
potential and, at low concentrations, the near absence of charge-regulation
during approach of the surfaces. At 1–2 nm range, the hydration forces also di-
splayed different features.

Recently, grand-canonical Monte–Carlo (GCMC) simulation methods have
been developed to handle electrolytes conned between charged surfaces
comprised of individual ionisable groups and in equilibrium with a bulk
reservoir.30–32 There it was shown that the force between the surfaces increases
more rapidly with decreasing distance for solutions at higher pH, and further-
more that surfaces held at constant charge boundary condition led to steeper
repulsion than charge regulating surfaces.31 The GCMC ndings are in accor-
dance with our initial measurements presented here for bicarbonate solutions
between mica surfaces, although we note that the simulated surfaces involved
a simpler proton-exchange equilibrium compared to the complex system of
physisorption normal for aprotic mineral surfaces such as mica. The experiments
presented here represent an initial data set and further measurements are
required, in particular to approach higher concentrations of both bicarbonate
and background salt.

Our initial ndings highlight how speciation of bicarbonates in bulk solution
inuences interfacial forces and molecular organization in conned electrolytes.
Even though the negatively charge carbonate and bicarbonate ions are themselves
present at only negligible concentration in the conned region due to repulsion
from the negatively charged bounding surfaces, they act strongly to inuence the
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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pressure and structural forces via the electrochemical potential equilibria
between reservoir and lm. These ndings, and future experiments exploring the
bicarbonate system in more detail, may be relevant towards understanding
carbonate speciation effects on ion transport and stability in natural and tech-
nological aqueous environments.11

Author contributions

S. P., S. M. and D. T. conceived and planned the experiments. D. T., S. M. and K. J.
A. performed the experiments and tting. S. P., D. T., S. M. and K. J. A. interpreted
the data and wrote the paper.

Conflicts of interest

There are no conicts to declare.

Data availability

All raw data are available from the Oxford University Research Archive. See DOI:
https://doi.org/10.5287/ora-9ogqgd0dq.

Supplementary information (SI): additional measurement runs of force
proles and derivation of species fractions for the carbonate system. See DOI:
https://doi.org/10.1039/d5fd00145e.

Acknowledgements

The authors gratefully acknowledge funding from the European Research Council
under grant 101001346 ELECTROLYTE. S. M. is supported by a Career Develop-
ment Research Fellowship from St. John's College, Oxford. K. J. A. would like to
acknowledge support from The Oxford-The Queen's College Graduate Scholar-
ship in partnership with the Clarendon Fund, University of Oxford.

References

1 R. J. P. Williams and R. Rickaby, Evolutions Destiny, The Royal Society of
Chemistry, 2012.

2 J. Kim, Y. Kimura, B. Puchala, T. Yamazaki, U. Becker and W. Sun, Science,
2023, 382, 915–920.

3 H. A. Lowenstam and S. Weiner, On Biomineralization, Oxford University Press,
1989.

4 D. Voet, J. G. Voet and C. W. Pratt, Fundamentals of Biochemistry : Life at the
Molecular Level, John Wiley & Sons, Hoboken, NJ, 5th edn, 2016.

5 M. Giordano, J. Beardall and J. A. Raven, Annu. Rev. Plant Biol., 2005, 56, 99–
131.

6 CRC Handbook of Chemistry and Physics, ed. W. M. Haynes, CRC Press, Boca
Raton, FL, 100th edn, 2019.

7 C. J. Stephens, S. F. Ladden, F. C. Meldrum and H. K. Christenson, Adv. Funct.
Mater., 2010, 20, 2108–2115.

8 F. Kohler, O. Pierre-Louis and D. K. Dysthe, Nat. Commun., 2022, 13, 6990.
Faraday Discuss. This journal is © The Royal Society of Chemistry 2026

https://doi.org/10.5287/ora-9ogqgd0dq
https://doi.org/10.1039/d5fd00145e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00145e


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
6 

Ja
nu

ar
y 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 4
:5

9:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
9 J. Dziadkowiec, G. Linga, L. Kalchgruber, S. Kavunga, H.-W. Cheng, O. Nilsen,
C. Campsteijn, B. Pokroy and M. Valtiner, Cryst. Growth Des., 2024, 24, 4930–
4943.

10 B. Jin, Y. Chen, H. Pyles, M. D. Baer, B. A. Legg, Z. Wang, N. M. Washton,
K. T. Mueller, D. Baker, G. K. Schenter, C. J. Mundy and J. J. De Yoreo, Nat.
Mater., 2024, 24, 125–132.

11 Y. Xu, J. M. Galloway, L. J. Hasselt and F. C. Meldrum, Chem. Rev., 2025, 125,
12128–12197.

12 H. J. Hayler, T. S. Groves, A. Guerrini, A. Southam,W. Zheng and S. Perkin, Rep.
Prog. Phys., 2024, 87, 046601.

13 H. K. Christenson and N. H. Thomson, Surf. Sci. Rep., 2016, 71, 367–390.
14 S. S. Lee, P. Fenter, K. L. Nagy and N. C. Sturchio, Langmuir, 2012, 28, 8637–

8650.
15 A. M. Smith, M. Borkovec and G. Trefalt, Adv. Colloid Interface Sci., 2020, 275,

102078.
16 J. N. Israelachvili and R. M. Pashley, Nature, 1983, 306, 249–250.
17 R. Pashley, J. Colloid Interface Sci., 1981, 80, 153–162.
18 R. Pashley, J. Colloid Interface Sci., 1981, 83, 531–546.
19 S. R. van Lin, K. K. Grotz, I. Siretanu, N. Schwierz and F. Mugele, Langmuir,

2019, 35, 5737–5745.
20 J. E. Hallett, K. J. Agg and S. Perkin, Proc. Natl. Acad. Sci. U. S. A., 2023, 120,

e2215585120.
21 K. J. Agg, J. E. Hallett and S. Perkin, Biophys. J., 2025, 124, 4096–4101.
22 J. G. Hedley, H. Berthoumieux and A. A. Kornyshev, J. Phys. Chem. C, 2023, 127,

8429–8447.
23 T. S. Groves and S. Perkin, Faraday Discuss., 2024, 253, 193–211.
24 T. Baimpos, B. R. Shrestha, S. Raman and M. Valtiner, Langmuir, 2014, 30,

4322–4332.
25 B. A. Legg, M. D. Baer, J. Chun, G. K. Schenter, S. Huang, Y. Zhang, Y. Min,

C. J. Mundy and J. J. De Yoreo, J. Am. Chem. Soc., 2020, 142, 6093–6102.
26 R. Evans and U. Marini Bettolo Marconi, J. Chem. Phys., 1987, 86, 7138–7148.
27 G. Trefalt, S. H. Behrens and M. Borkovec, Langmuir, 2016, 32, 380–400.
28 S. L. Carnie and D. Y. Chan, J. Colloid Interface Sci., 1993, 161, 260–264.
29 R. Pericet-Camara, G. Papastavrou, S. H. Behrens and M. Borkovec, J. Phys.

Chem. B, 2004, 108, 19467–19475.
30 Y. Levin and A. Bakhshandeh, J. Chem. Phys., 2023, 159, 111101.
31 D. Izzo, A. Bakhshandeh and Y. Levin, J. Chem. Phys., 2025, 163, 064703.
32 A. Bakhshandeh, D. Frydel and Y. Levin, Langmuir, 2022, 38, 13963–13971.
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00145e

	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets

	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets
	Speciation and hydration forces in sodium carbonate/bicarbonate aqueous solutions nanoconfined between mica sheets


