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Overview: the Janus-nature of molecular CO, in
charge adjustment at wet surfaces

+® Muhammad Nawaz Qaisrani,t° Mattis Rasenat,?
© Marialore Sulpizi,® David Beyer, (2 ¢ Christian Holm (¢

Peter Vogel,
Johannes Lutzenkirchen,
and Thomas Palberg (=) *@

Molecular CO, readily dissolves in aqueous electrolyte solutions and partially dissociating to form
carbonic acid. The decharging effects of the dissociation products mediated by the ensuing pH-shift
and the additional salinity are well established. However, the effects of dissolved molecular CO, have
not been studied systematically. We summarize recent and novel investigations on the role of CO,
regarding charge control at surfaces submersed in aqueous electrolytes. In our electrokinetic and
conductometric measurements on representative surfaces, we took special care to control and monitor
the electrolyte composition in situ. We discriminate the effects of molecular and dissociated CO, via
control experiments using HCLl Depending on the surface under investigation and the charging
mechanisms involved, we find that molecular CO, assists either charging, de-charging and/or
recharging. This contrasting charge regulating behaviour reveals the Janus nature of dissolved molecular
CO, with respect to charge control at wet surfaces. In our complementary molecular dynamics
simulations, Q4 silica and 9% ionized Q3 silica surfaces are studied as hydrophobic/hydrophilic,
respectively charged/uncharged, analogues, as well as uncharged Q3 silica and molecularly rough
Isoleucin-coated quartz surfaces. In all cases, we find that the charge-neutral CO, molecule physisorbs
in a thin diffusive layer close to the surface, which leads to pronounced re-structuring of the electric
double layer. Based on this result, we suggest to interpret the experimentally observed Janus nature of
molecular CO, in terms of a local decrease of the dielectric permittivity. This in turn leads to a local
strengthening of electrostatic interactions dominating the double layer structure next to charged
surfaces. Specifically, we propose that CO, induces a dielectric charge regulation for weakly acidic
surface groups, assists the incorporation of OH™ into the H-bond network at smooth inert surfaces, and
induces significant ion-correlations promoting co-ion binding. Overall, we demonstrate that molecular
CO; allows for a controlled charge-adjustment in opposing directions. We anticipate that our findings
on the one hand provide substantial challenges for analytical or numerical modelling as well as for
controlled experimental work, but on the other hand bear important practical implications for
applications ranging from desalination to bio-membranes.

Many of these surfaces owe their specific function to the
presence of charges. The ways to acquire these are manifold.

Functional dielectric surfaces in contact with aqueous electro-
lytes are ubiquitous, with examples ranging from our lungs over
desalination facilities to colloidal suspensions and emulsions.
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Well known examples include the dissociation of ionogenic
surface groups or the desorption/adsorption of lattice ions," but
also further “chemical or physical” mechanisms® have been
studied, like the adsorption of co-ions,*® multivalent counter-
ions” or surfactants® from solution, photochemistry,” piezo-
electricity or slide electrification.’® A particularly interesting
mechanism is the adsorption of protons or hydroxyl ions
stemming from water hydrolysis, which is suspected to give
rise to surface charges at chemically inert surfaces even in
the absence of other salts."' This has been studied both
spectroscopically'”> and by electrokinetic experiments."> Com-
puter simulations further suggest that at specific oxide
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surfaces, an integration of hydroxyl ions into the hydrogen
bond network of the first water layer might occur even under
neutral pH conditions."*

In general, the obtained charge state depends on the details
of both surface chemistry and electrolyte composition. It can be
manipulated by appropriately adjusting surface and environ-
mental conditions, i.e., surface hydrophobicity, dielectric per-
mittivity, softness and roughness as well as salinity,"® pH,**"”
or temperature.'® Next to hydrolysis products, deliberate addi-
tives and/or contaminations, the aqueous electrolyte often
contains dissolved gases. Distilled water may store gases in
larger amounts (molar fraction solubilities for CO,, O,, N, and
Ar at 298.15 K and atmospheric pressure (101.325 kPa) are
61.48 x 107°, 9.1 x 107% 1.17 x 10>, and 2.5319 x 10>
respectively'®), but given the composition of ambient air, CO,,
0,, and N, are most prominent. Their ability to adsorb at
hydrophobic surfaces is promoted by a depletion of water in
the immediate vicinity of such surfaces.?®>" It is, however still
under discussion, whether the adsorbed gases form condensed
films, nanobubbles, or stay in solution as diffuse gas-enriched
layers close to the surface.>””® In their presence soft polymeric
surfaces appear to be very smooth, while such surfaces in
contact with degassed water reveal a (reversible) nano-scale
corrugation.””?® This mechanical effect was suggested to be
mediated by a thin film of gas forming at hydrophobic surfaces.
Dissolved gases, moreover, also influence the stabilization of
hydrophobic colloids. Experiments not discriminating gas spe-
cies showed pronounced increases in the flocculation for
paraffin particles®® as well as oil in water emulsions,*°~*? when
these were allowed contact with ambient air.

Gas-species-specific studies typically concentrate on the case
of airborne CO,. Molecular CO, readily dissolves in water,
where it partially reacts to form carbonic acid, which subse-
quently dissociates.®® Under so-called realistic salt-free condi-
tions (i.e., deionized water equilibrated at ambient air), one has
a pH of 5.5 and about 3.16 pmol L™" of additional electrolyte.**
Both parameters are well known to interfere with surface
electro-statics. The acidification in particular triggers pH-
driven surface charge regulation. Here, the degree of regulation
depends on the chemical nature of the surface, and for colloi-
dal systems further on the amount of double layer overlap.**~’
A special case are calcite surfaces, where CO, and its dissocia-
tion products can chemically interfere with CO;>~, which is one
of the lattice ions.*® An altered bare surface charge in turn
affects adsorption, interparticle forces, colloidal stability, and
deposition phenomena.’**® Moreover, via screening effects,
the additional ionic content decreases the effective charges,
Z: and Z;, as determined from electrokinetic investigations via
the {-potential*' and from conductometric experiments in
terms of the number of freely mobile counter-ions,
respectively.*>"® An equivalent effect is seen in the so-called
renormalized charge, Zppc obtained from solving the Poisson
Boltzmann equation under charge regulation boundary
conditions.***>***> Finally, in strongly interacting colloidal
systems, also the effective interaction charges, which addition-
ally account for many body interactions,*®*® are substantially
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decreased. Clearly, the charge regulation and screening effects
of the dissociation products of CO, are well-established and
can be accommodated in theoretical treatments.

In contrast, much less is known about the influence of
molecular CO,, even though it readily adsorbs at various
surfaces including the aforementioned hydrophobic surfaces,
but also hydrogels and metal electrodes.”**® While physisorp-
tion of CO, has been subject of growing interest due to climate
issues,*® the influence of physisorbed CO, on the capturing
surface has been left widely unexplored. CO, molecules are
non-polar, but polarizable due to the presence of oxygen at the
extremes. Thus, the presence of polar compounds at solid
surfaces may polarize the CO, electron-cloud, facilitate induced
dipole-dipole interaction and/or the formation of hydrogen
bonds and influence the structure of the electrical double layer
(EDL) close to the surface.’™>*> However, such effects compete
with those of the dissociation products and are observable only
at low to vanishing salinity and close to neutral pH values. Still,
and despite preparational difficulties, a number of studies
points in that direction.

At gold electrodes, CO, was shown to modulate the
electrochemical capacitance of the EDL, which may bear impor-
tant practical implications for mitigating greenhouse gas
emissions.”” Further, contrasting charge characterization
experiments performed under strictly CO,-free conditions and
after equilibration against ambient air, some quantitative
inconsistencies are observed,”® which cannot be explained by
standard electrokinetic theory*>>* and its extensions using EDL
models accounting only for the dissociation products.** Speci-
fically, charges from different approaches do not agree and in
the absence of CO, one observes a non-monotonic particle
concentration dependence in the {-potential of charged spheres
with very low potentials for isolated particles.>>>® Moreover,
the presence of CO, appears to influence the adsorption
of ions from solution. Particle charging by adsorption of
co-ionic surfactants® works well when particles are suspended
in standard distilled water, but fails under CO,-free
conditions.®® Negatively charged particles suspended in salt
free water in contact with ambient air, show mobility, respec-
tively {-potential extrema upon the addition of micro-ions.****~
® Mobility maxima may occur for a number of reasons,
including EDL relaxation effects at constant charge,®® hairy
layers and other influences of surface conditions.®™*® Extrema
of the {-potential cannot be explained assuming constant sur-
face properties and thus indicate ion adsorption. Potential
minima and even charge reversal are observed for multivalent
counter-ions.®>®”%® For potential maxima, the favored explana-
tion is the adsorption of co-ions®*”! even though in some
studies the position and shape of the maxima would not show
any dependence on co-ion type.> Conversely, in studies per-
formed under strictly de-carbonized conditions, no potential
maxima have thus far been observed.”>”*

Relating conditioning procedures employed and results
obtained in these investigations points to a significant, if
not dominant influence of molecular CO, on the various
charging processes possible for surfaces in contact with

This journal is © The Royal Society of Chemistry 2026
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aqueous electrolytes. However, systematic studies comparing
different surface types under variable CO, content, salt
concentration and pH are missing. Consequently, a more
comprehensive investigation and understanding of the role of
CO, for the charge adjustment of surfaces are still highly
desired.

In the present paper, on occasion of this special issue
dedicated to late Stefan U. Egelhaaf, we take the chance to
review our own targeted attempts made over the past years in
that direction and to complement these with new experimental
findings as well as extended computer simulations. Both will
then allow developing a consistent picture of the ways and the
effectiveness of charge manipulation by dissolved molecular
CO,.

Some indispensable experimental prerequisites for our stu-
dies were realized in close and continuous collaboration and
exchange with Stefan and are shortly recalled in the instru-
mental developments section. The first relates to the reliable
adjustment and monitoring of salinity, pH and CO,-
concentration in the water being in contact with the surfaces
under investigation. Over time, the basic version of the gas-
tight conditioning circuit’> was extended by integrated in situ
optical and conductivity measurements,**’® and more recently,
also by a photometric pH determination.”” Further routine
cross-checks of obtained data by numerical calculations using
the freeware program Aqion were introduced.”® Second, we
improved our Doppler velocimetry”® to cope with multiple
scattering systems,® thus enlarging the range of accessible
particle concentrations. Finally, we devised an optical cell with
exchangeable side walls,®** which for the first time allowed for
simultaneous studies of suspension electrophoretic and wall
electro-osmotic mobilities. Exploiting this improved experi-
mental instrumentation, we began with systematic investiga-
tions. In a first study,®* we compared the electro-kinetics of
surfaces under de-carbonized conditions to surfaces in contact
with water equilibrated to ambient air. There we compared
hydrophilic SiO,, a hydrophobic copolymer and a superhydro-
phobic surface upon addition of NaCl and HCI. While the focus
was on CO, induced decharging processes, we also found
evidence of subsequent re-charging. Molecular dynamics simu-
lations suggested to relate the experimental results to the
formation of a diffuse layer of molecular CO, forming close
to the solid surface. The following study®® was restricted to SiO,
and the copolymer surface, but significantly extended the range
of accessible CO, concentrations. Interestingly, nearly complete
decharging could be observed under over-carbonized condi-
tions followed by re-charging upon the successive addition of
NaCl or HCIl. Comparing the evolution of (-potentials upon
addition of different electrolytes allowed discrimination of
different decharging mechanisms and gave the relative magni-
tudes of decharging by screening, pH-driven charge regulation
and CO,-induced charge regulation. The third of our previous
studies aimed at a comprehensive charge characterization.®*
Effective and bare charges as well as surface group densities
were obtained from conductometric experiments in depen-
dence on particle concentration, electrolyte concentration
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within the series LiCl, NaCl, KCI, CsCl, and amount of added
NaOH, respectively. Experiments were accompanied by numer-
ical calculations using a Poisson Boltzmann cell model under
charge regulating boundary conditions to infer the effective pK,
shift of surface groups as induced by the presence of CO,. A
consistent description of the drastic decharging of surfaces
bearing weakly acidic surface groups by molecular CO, as well
as the corresponding decrease in the conductivity charge and
the disappearance of counter-ion exchange was obtained. We
further made a first suggestion for an underlying novel charge
regulating mechanism.

We complement these previous findings by presenting new
and extended experimental results regarding CO,-assisted (re-)
charging by anion-adsorption and by reporting extensive sys-
tematic simulation results providing insights at the molecular
level. In the experiments, we again vary the type and amount of
added 1:1 electrolyte under continuous in situ control of pH
and conductivity. We consider thoroughly decarbonized sam-
ples, samples equilibrated in contact with ambient air and
samples with variable CO, content. As before, we compare
hydrophobic to hydrophilic as well as polymeric to oxidic
surface materials. We focus on three materials featuring three
representative charging mechanisms: (i) chemically inert sap-
phire (0001) charges by adsorption of hydroxyl ions from
solution. Comparing the {-potentials of sapphire in the absence
and in the presence of dissolved CO, tests its influence on the
charging of this chemically inert surface in salt-free water. (ii)
carboxylate-stabilized polymer colloids and (iii) fused silica
bearing hydroxyl groups both charge by surface group dissocia-
tion, de-charge under the influence of CO, but, in addition, can
be charged by co-ion adsorption. Here, (-potentials obtained
for silica and polymer surfaces under addition of electrolytes
from the lyotropic series NaF, NaCl, NaBr, Nal, at different
levels of CO, reveal the complex interplay of hydrophobicity, co-
ion type and diffusely adsorbed CO, for the recharging of
surfaces by anion adsorption.

Complementary microscopic information is obtained from
molecular dynamics simulations of different hydrophobic/
hydrophilic, respectively charged/uncharged surfaces at various
salt and CO, concentrations. In an earlier paper we had shown
the tendency of molecular CO, to enrich in a thin layer close to
the surface.®” Our new simulations repeat the elder ones with
significantly increased run durations and better statistics and
further include added salt alt various concentrations. Specifi-
cally, Isoleucin coated quartz surfaces are compared to inert Q4
silica, hydrophilic but charge-neutral Q3 silica and 9% ionized
Q3 silica. This choice represents close analogues of the experi-
mentally investigated surfaces. Water is described by the TIP3P
model to account for steric, electrostatic and dipolar interac-
tions. Simulations in water with and without CO, show the
dependence of the amount of diffusively adsorbed CO, on
surface hydrophobicity and charge. Runs at increasing salt
concentrations shed light on the supporting role of salt for
CO, enrichment. Comparison of runs with and without CO,
reveals the subtle changes in the EDL structure caused by the
presence of CO, and allows estimates of the relative amount of
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condensed and free ions as well as checks for charging by co-
ion adsorption.

We here combine our comprehensive experimental data
base with the findings made in the simulations. This facilitates
the development of a consistent picture of the ways and the
effectiveness of charge manipulation by CO, for a first set of
representative charging and charge-regulating mechanisms.
The basic underlying suggestion is a local lowering of the
dielectric permittivity by the formation of the CO,-enrichment
layer close to surfaces, which results in a strengthening of
interactions directly and indirectly related to electrostatics.
Depending on the specific charging mechanism under consid-
eration, this may influence the surface charge in opposite
directions and establishes the Janus nature of molecular CO,
regarding charge adjustment.

Interestingly, this broad and profound impact of molecular
CO, had received only little attention in previous studies.
Presumably due to the difficulties in controlling the level of
dissolved CO, as well as in discriminating its effects from those
of its dissociation products. However, even with the present
approach, much work on additional surface types, other types
of additives, a wider pH range and higher salinities remains to
be done. In the long run, our observations should trigger much
interest in a deeper theoretical understanding and its imple-
mentation in future modelling. Moreover, they should motivate
a careful re-check of previous results obtained under less well
controlled CO, concentrations We expect that both is of great
importance for improving and optimizing the performance of
functional surfaces in practical applications.

In the following, we first recall the most important instru-
mental developments facilitating our systematic investigations.
We then show the experimental results from conductometry
and electrophoresis and present the outcome of the computer
simulations. We note that we group the results thematically,
rather than historically and only where appropriate, we give
reference to the quoted papers. In the discussion section, we
detail and rationalize the effects of molecular CO, on the
various surfaces and charging mechanisms. Further, we point
out several implications for future research and potential
application. In our conclusions, we summarize and emphasize
the main finding of the present study, namely, that CO, plays
an important, Janus-type role in charge control for a large
variety of surfaces in contact with water.

Materials and experimental
developments
Samples and sample conditioning

Spherical copolymer particles were kindly provided by BASF,
Ludwigshafen (Lab code PNBAPS359, manufacturer batch num-
ber 2168/7390). Particles there had been synthesized by radical
emulsion-polymerization from 60% w/w butylacrylamid,
38% w/w styrene, 2% w/w acrylic acid, and 0,5% w/w sodium-
peroxodisulfate. The particles are electrostatically stabilized by
N = (134 £ 2) x 10* carboxylate surface groups as determined
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via conductometric titration.®* Their diameter of 2a = 359 nm
was determined by the manufacturer using analytical ultracen-
trifugation. Stock suspensions of particle number densities
n ~ 10"® m* were prepared by dilution with doubly distilled
(DI) water. Subsequently, mixed-bed ion exchange resin (IEX)
(Amberjet, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was
added and the suspensions were left to stand under occasional
stirring for some weeks. They were then coarsely filtered using
Sartorius 5 pm syringe-driven membrane filters to remove dust,
ion-exchange debris, and coagulate regularly occurring upon
first contact with IEX.

All further sample preparation/conditioning steps including
the conductivity measurements were performed in a peristalti-
cally driven circuit described in detail elsewhere”>’® (see also
the sketch in Fig. S1 of the SI). Briefly, air-tight Teflon® tubings
and valves [Bohldnder, Germany] connect (i) a reservoir under
inert gas atmosphere (Ar) to add further particles, water,
chemicals and/or CO, gas, (ii) a mixed-bed ion-exchange
resin-filled column (IEX, Amberlite K306, Carl Roth GmbH
Co. KG, Karlsruhe, Germany), (iii) a conductivity measurement
(see below) and (iv) an arbitrary number of optical cells facil-
itating further simultaneous experiments at identical condi-
tions. The latter typically include a turbidity or static light
scattering experiment to determine the particle concentration,
a photometric experiment for pH determination (see below)
and an optical cell for electro-kinetic experiments based on
Laser Doppler Velocimetry (see below) made of fused silica
(EL10 by Rank Bros., Bottisham, Cambridge, UK or replica by
Lightpath Optical Ltd., Milton Keynes, UK). The fluid volume of
the circuit is on the order of 50-100 mL, depending on
the size and amount of measuring cells implemented, the fill
height of the reservoir and the amount of IEX added. The
volume difference between bypass and IEX column is on the
order of 15-25 mL. The exact volumina are determined from
weighing.

Fused silica provides the charged hydrophilic model surface,
electrostatically stabilized by hydroxyl groups. Its state of
dissociation is determined by the pH of the adjacent
electrolyte. Corresponding electrokinetic properties have been
determined in a large number of studies.®> While some minor,
conditioning-related differences are often observed, in general,
the isoelectric point is agreed to be around pH 3.%® The cells
were cleaned by heating in a flame of a gas burner for some
15 min, left to cool and successively sonicated for 60 min at
35 °C in 2% alkaline detergent solution (Hellmanex III, Hellma
Analytics). They were further rinsed with DI water and dried in
a nitrogen stream.

For measurements on sapphire as inert oxide surface, the
Rank cell was replaced by a custom-made cell with exchange-
able side walls (see below). Sapphire (0001) single crystals were
obtained from MaTeck (Jiilich, Germany). The single crystals
were 75 mm by 26 mm and 0.5 mm thick, polished on two
sides. Before mounting, samples were cleaned according to
Rabung et al.,*” to eliminate all organic carbon contamination
and minimize inorganic contamination, ie., samples were
soaked in acetone overnight, subsequentl washed and soaked

This journal is © The Royal Society of Chemistry 2026
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with ethanol for 2 h, and finally washed and soaked with MilliQ
water for 1 h.

After circuit assembly and tightness check (water conductiv-
ity om0 = 55 nS em ™ Y), an appropriately diluted stock suspen-
sion is loaded into the circuit under filtering with Sartorius 1.2
um and 0.8 pm filters. Its volume is determined by weighing,
with the particle concentration checked by turbidity. The
suspension is then thoroughly deionized, while passing
through the IEX column. After attaining fully deionized and
decarbonized conditions, the desired amounts of salt solutions
can be injected through a septum into the reservoir. The
sample is then homogenized again by pumping under in situ
control of conductivity, turbidity and pH, while the IEX column
is now bypassed. Alternatively, the Ar can be successively
replaced by CO,-gas. The approach to an almost pure CO,
atmosphere, however, is restricted by the onset of coagulation
of the tracer particles. the minimum pH reached under over-
carbonized conditions was pH = 4.8 and the maximum con-
ductivity value amounted to ¢ = 38 puS cm ™ *. According to aqion,
this corresponds to a partial pressure of pco, ~ 1.8 x 102 atm
and pCO, ~ 1.7.

Total micro-ion concentration

To allow comparison of different electrolyte types in depen-
dence on a single control-parameter in the results section, we
display some of our observations in dependence on the total
concentration of micro-ions. This important quantity is calcu-
lated respecting the contributions of all detectable micro-ionic
species in solution, i.e., the tracer particle counter-ions, the
added electrolyte ions, and the H" and OH™ ions stemming
from water hydrolysis. We note that this neglects wall-counter-
ions, since their contribution of is not resolvable in bulk
measurements. Similarly, the very small amounts of residual
impurities (e.g. typically <10™® mol L ™" of ions leaking from
the container walls”) is not considered in calculating the total
micro-ion concentration.

The concentrations of the remaining ions are determined
using suitable combinations of precisely determined added
quantities with conductivity measurements evaluated by Hes-
singer’s model of independent ion migration, classic or photo-
metric pH measurements evaluated using the freeware agion
program, and, where necessary electrophoretic mobility mea-
surements further evaluated for the effective tracer charge (see
below). If not all of these measures were needed, the remaining
ones were used for cross-checking the results. Therefore, the
integration of all these measurements in to our air-tight con-
ditioning circuit is indispensable.

To be specific, the total concentration of H' is inferred from
the pH readings. From this, the concentration of OH™ is
inferred using the water dissociation product. The concentra-
tions of halide (F~, Cl-, Br—, I") and alkali (Li*, Na", K', Cs")
ions are taken from the volume and concentration of the added
electrolytes.

The total concentration of H' originates from different
sources and one needs to severally discriminate their contribu-
tions. Here we make use of the fact that neutral salts do not

This journal is © The Royal Society of Chemistry 2026
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contribute to the pH. Moreover, electroneutrality requires equal
amounts of cations and anions, including the macro-ions, if
present. In the presence of tracers with their weak acid groups,
the calculation of the tracer counter-ion contribution to the
total H' concentration affords additional knowledge of both
tracer density and effective charge. While the former can be
determined independently (e.g. from turbidity) the latter
requires an iterative procedure to calculate it from the mea-
sured tracer mobility. That calculation involves the Debye
screening parameter which in an initial approximation is
estimated using twice the total proton concentration. After
obtaining a value for the effective tracer charge and thus a
value for the concentration of counter-ions balanced by macro-
ions, that concentration is subtracted from the initial input and
the charge calculation repeated with a new Debye parameter.
Convergence is typically obtained after a few steps. Tracer
density times tracer effective charge then yields the tracer
counter-ion contribution to the total H" concentration.

Added HCI is assumed to be fully dissociated under all here
investigated conditions. The concentration of H' from that
source is simply equated to the concentration of ClI~ and
subtracted from the tracer counter-ion contribution corrected
H'-concentration. Electroneutrality, then, requires that the
remaining H' function to balance the anions present from
CO;H™ and CO;>~ formed upon the dissolution of molecular
CO,.%® The small amounts of divalent anions were not discern-
ible in the conductivity measurements, despite their larger
valence. Also, aqion calculations show that the carbonate
concentration is extremely small already at pH neutral condi-
tions and decreases further as the pH decreases. It was there-
fore regarded negligible compared to the amounts of H' from
other sources. The only remaining source of protons is carbonic
acid. The bicarbonate concentration then equals the total H"
concentration corrected for the H' concentrations related to the
presence of tracers and hydrochloric acid. For orientation,
under ambient (over-carbonized) conditions dissociated carbo-
nic acid contributes 6.3 pmol L™" (32,6 pumol L") to the total
micro-ion concentration.

In addition to being fast, versatile and reproducible, circuit
conditioning thus allows for a comprehensive quantitative
characterization of the electrolyte concentration and composi-
tion. In the present study it facilitates a reliable comparison of
surface charges and charging mechanisms in systems contain-
ing different but well controlled concentrations of CO, and/or
added electrolytes.

Conductometry

Bulk conductivities, o, were measured at a frequency of
® = 400 Hz (electrodes LTA01 and LR325/01 with bridge
LF538 or electrode LR325/001 with bridge LF340, WTW,
Germany). This frequency is low enough to stay in the DC-
limit, but large enough to avoid electrode polarization effects.
Since the conductivity increases with increasing temperature,® care
was taken to maintain a constant temperature of (25 £+ 0.5) °C.
Data are interpreted in terms of Hessinger’s conductivity
model, which assumes additive Drude-type conductivities for
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all charged species present.”> For suspensions containing
negatively charged particles with their counter-ions and addi-
tional non-reacting 1:1 electrolyte, it reads:

o =ne(up + (1)) + M((u") + (u7)) + o8 (1

here, we used the number of added micro-ions of species i per
particle, M; = nj/n = ¢ 1000 Na/n and the arithmetic means of all
cationic (+), respectively anionic (—) micro-ionic mobilities:

Z WM

(uh)y = IZT (2a)
Z wM

(W)= 127 (2b)

The sums run over all ionic species present including Zy .
dissociated counter-ions. Particle mobilities were measured
independently and mobilities of micro-ions were taken from
the literature [up ~ (2-5.5) x 1072 m? s7' V7', uy = 36.23 x
107 m? s V7 pop- = 2052 x 10°° m? s VT pupeo,- =
461 x 1078 m? s V', upar =5.19 x 108 m? s V' pgr- =
7.91 x 10°®* m *s~' V" 1,*]. The background concentration of
micro-ions, o, is composed of contributions from water hydro-
lysis, from residual ions, e.g., leaking from the container walls,
and from partially dissociating CO,. In deionized, decarbo-
nized water, the contribution to the micro-ionic concentration
from auto-dissociation is ¢ ~ 2 x 107" mol L ™", yielding o4 o =
55 nS cm ™. This contribution is important in systems of very
small .°® The level of unidentified small ions typically does not

d
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\
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exceed ¢ ~ 10~° Mol L™",°° and its conductivity contribution
can usually be neglected. However, suspensions equilibrated
against ambient air contain small amounts of carbonic acid,
and we use 0¢o i, = 3.16 pMol L™ 1000 N, e (g + frrco,-)-

These values correspond to a concentration of carbonic acid
of This approach allows a comprehensive charge characteriza-
tion in terms of the number of surface groups N from con-
ductometric titration, the number of dissociated groups Zpr.e
from the addition of neutral salts and the number effective
conductivity charges Z, from density dependent conductivity
measurements.

Photometric pH-measurements

For suspensions containing additional CO,, o in eqn (1)
depends on the concentration of its reaction products. We
therefore simultaneously determine the suspension pH, either
using commercial equipment [electrode Sentix®™81 with bridge
pH/Cond 3320, WTW, Germany], or employing a newly
developed photometric method.”®®*°' Here, a spectrometer
(AvaSpec, Avantis) samples the transmission spectra I(4) from
which the adsorption ratio of two wavelength regimes in the
blue and red is calculated (4;, 4,, marked grey in Fig. 1c).
Having calibrated the ratio against pH [using diluted universal
indicator solutions (pH 3.0-10.0 indicator solution, Sigma-
Aldrich, Germany) added to standard buffer solutions of pH
between 3.0 and 8.0 (Merck, Germany)], the sample pH can be
determined with an uncertainty of £0.1 pH-units. For DI water
containing increasing amounts of CO,, Fig. le shows the
obtained correlation between pH and conductivity (open dia-
monds). For performance checks, the conductivity can also be
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Fig. 1 Photometric pH determination. (a) Buffer solutions with indicator fluid. pH decreases from left to right. (b) Sketch of the set-up. (c) Absorption
spectra normalized to the isobestic point for different pH values as indicated in the legend. The grey shaded regions indicate the two wave length ranges
in the blue and red spectral region selected for evaluation. (d) Calibration curve: Absorption ratio A;.l/A/zz as a function of adjusted pH. Data in (c) to (d)
taken from ref. 83. (e) Performance check: correlation between pH and conductivity for the stepwise addition of CO, (Symbols) and of HCl (dashed line).
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calculated using the aqion-freeware. The dashed line represents
calculations made for the addition of HCl. We observe an
overall good agreement between the two curves, except for a
small but systematic difference, best visible at large amounts of
added acids. The conductivities of the carbonized system show
lower values. This can be attributed to the slightly larger
phoretic mobility of the chloride ion.

In both experiments, care has to be taken to perform pH
readings only on fully equilibrated and homogenized samples.
Since conductivity and pH are determined in different positions
(cf: Fig. S1 of the SI), and, moreover, the indicator shows a finite
reaction time, one has to allow for a sufficient time interval
between any stepwise changes in the sample composition and
measurement (With a circuit volume of ca. 100 mL this may
take up to a few a few minutes). Further, the electrode dia-
phragm of conventional experiment was often observed to
slowly leak ions at non-negligible quantities. This standard
method therefore requires much care during long-duration
measurements in ultra-low salinity samples. The alternatively
developed photometric approach does not interfere with the
sample chemistry even over several hours. There, however, an
important limitation is given by sample turbidity. In the
presence of tracer particles, it performs well only up to the
strong multiple scattering limit here found atn < 6 x 10" m™*
(the conventional method can be used upton < 3 x 10" m 2,
where its reproducibility becomes low). Below the threshold,
pH-readings from photometry and conventional equipment
agree within statistical uncertainty.

Super heterodyne laser Doppler velocimetry (SH-LDV)

SH-LDV is a now well-established technique for simultaneous
studies of electro-phoretic mobilities of suspended particles
and the electro-osmotic mobility at the container-walls.>””*7° It
combines standard LDV®*"® with the integral approach of
Palberg®® and the super-heterodyne configuration introduced
to light scattering by Miller and Schiitzel®”*® and independently
by Tanaka and Sonehara.’® Measuring at small angles, it
collects incoherently scattered light'®® and is therefore inde-
pendent of the system structure.’>>® Large particles and/or at
elevated concentrations lead to a pronounced decrease in
sample transmission by multiple scattering (MS).®° To cope
with that issue and to extend the range of accessible particle
densities, we improved the original instrument and the data
treatment.’® Finally, using a sample cell with exchangeable side
walls allows simultaneous investigations of up to three differ-
ent surface types.®* For further experimental details of SH-LDV,
the reader is referred to the SI.

Fig. 2(b) shows typical Doppler spectra in the presence of
MS. After applying an empirical correction (Fig. 2(c)), the
spectra are evaluated for electrokinetic velocities and particle
effective diffusivity by fitting expressions as derived in hetero-
dyne light scattering theory [Fig. 2(d) and (e); see SI for further
details]. Fig. 2(f) compares the particle concentration depen-
dent mobilities for two model surfaces. The carboxylate stabilized
polymer particles show a flat mobility maximum at intermediate
concentrations and a value of —5.2 (um s ')/(V cm™Y).

This journal is © The Royal Society of Chemistry 2026
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The fused silica displays mobilities on the order of
-8 (um s Y/(V em™ ') with no significant variations. The
structure of the colloidal suspension is indicated by capital
letters with F denoting a fluid and C denoting the crystalline
state. Note that for technical reasons, no electroosmotic mobi-
101 Wwe further empha-
size that the present electrokinetic measurements on latex
spheres were performed at a constant number density which
was located in the region of increasing mobilities of Fig. 2(f).
The obtained mobilities are further evaluated for {-potentials
and effective charges using an adaptation of the Standard

Electrokinetic Model (SEM).>*>?

lities can be obtained in the latter state.

Mean field calculations

As before, we utilize Poisson-Boltzmann (PB) theory within the
cell-model approximation'®® to obtain theoretical estimates of
electrostatic potentials ¥ and charges. In the following, we
recap the main features of this approach used in ref. 84; for full
details the reader is referred to the earlier publication. In the
cell model, we approximate the colloidal solution of volume
fraction @ by a single colloidal particle (radius a), which is
centered in a spherical cell (radius R = @ ). To maintain a
well-defined bulk value of the pH, the cell is grand-canonically
coupled to a reservoir. We solve the one-dimensional PB
equation in radial coordinates r € [q, R],

2
(% + % %) P(r) = K¢* sin h(P(r)) (3)
to obtain the electrostatic potential ¥ and the distributions of
ions within the cell. The Debye screening parameter of the
reservoir, ko = v/8n/png, is determined by the Bjerrum length
Mg = €’/(4nege; kgT) and the density ny of small ions (H', OH™,
Na®, CI7) in the reservoir. For the salt free systems considered

in the following, n, is calculated via the pH-value of the
reservoir:

ny = max(lO"”Hm7 10’(14"’Hf85)>m01 L1 Na (4)

To obtain a mathematically well-defined problem, the PB
equation has to be supplemented with suitable boundary
conditions at the cell boundary (r = R) and at the surface of
the colloidal particle (r = a). At the cell boundary, we use the
Neumann boundary condition, ¥’ (R) = 0, to enforce global
electroneutrality of the colloidal suspension. The surface of the
colloidal particle contains weak, i.e., pH-responsive groups,
which are modeled by combining the Henderson-Hasselbalch
equation for the average degree of dissociation, o, with the self-
consistent charge regulation boundary condition introduced by
Ninham and Parsegian.'®® Because this approach does not
model electrostatic interactions between the surface
groups,'®»1% the pK,-values calculated using our theory thus
have to be interpreted as “effective” pK,-values that (approxi-
mately) contain the effect of inter-surface electrostatic interac-
tions. The PB equation is solved numerically using SciPy,"'*®
effective charges are calculated from the numerical solutions
using the analytical method of Trizac et al.'®’
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Fig. 2 SH-LDV experiments. (a) Typical dependence of the transmittance on particle concentration for a suspension of polymer latex particles of
260 nm diameter. The upper scale gives the volume fraction, while the lower scale denotes the number density, which are related by & = n (4n/3) a°. The
solid line denotes a fit of Beer—Lambert law. For the shown suspension, multiple scattering occurs for n > 6 x 10> m~>, j.e. at ~95% transmission
(dashed red line and left inset). For n > 4 x 10'® m~3, the suspension crystallizes (blue short-dashed line and right inset). (b) Field-strength dependent
SH-LDV spectra. (c) Spectrum with MS-background, which is well described by fitting a Lorentzian to the regions right and left of the main spectral
feature (solid red curve). (d) the same spectrum after subtraction of the MS background. The solid line is a least-squares fit of the theoretical SH-LDV
spectrum with three independent fit parameters: solvent velocity at the wall, veo, particle velocity, vep, and particle effective diffusivity Des. (e) Field-
strength dependent velocities extracted from fitting. Least-squares fits of linear functions yield the respective mobilities of wall and particles, u = v/E.
(f) Comparison of the characteristic number density dependence of experimental mobilities of a fused silica and a polymeric surface, both in contact
with deionized and decarbonized water. The error bars correspond to the standard error of the fits to the Doppler-spectra at a confidence level of
0.95. Dotted lines are guides to the eye. Data in (a) to (e) taken from ref. 80. Data in (f) taken from ref. 58.

Molecular dynamics simulations for the silica Q4 system were (3.168 x 3.308 x 16.368) nm® while
for Q3 the cell geometries are (3.340 x 3.487 x 13.371) nm’,
respectively, and 3D periodic boundary conditions were
applied. Slab structures were placed in the center of the
simulation box with a single face exposed to the solvent.
50 molecules of CO, and, where applicable, salt ions were
randomly added and the remaining box volume filled with
bic organic surface was created as a supercell from the experi-  water molecules. Water was described by the TIP3P model."*°
mentally resolved 1-isoleucine crystal.'"” The box dimensions Ion-ion interactions were accounted for using the standard

Silica slabs with variable surface chemistry and an adjustable
degree of ionization were created as supercells from the unit
cell of the a-cristobalite crystal structures.'®® The Q4 surface is
uncharged and silanol-free, while the Q3 surface in addition
carries silanol groups with a density of 4.7 nm~>. A hydropho-
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CHARMM?27 force field,"" "' while CO, parameters were taken
from ref. 113.

Simulations were carried out in the canonical ensemble,
where the velocity-rescaling thermostat''* with a relaxation
time of 0.1 ps, was used to control the temperature. A time
step of 1 fs was set to update atom positions and velocities. For
non-bonded interactions, a pair list was created with a cut-off
radius of 1.4 nm and updated after every 10 fs. The cut-off for
the shifted Lennard-Jones potential was set to 1.2 nm. For the
long-range electrostatic interactions, the Particle Mesh Ewald-
Switch method'" was used with a Coulomb switching cut-off
1.2 nm. To truncate the Van-der-Waals interactions, a disper-
sion correction was applied. A short 1 ns semi-isotropic NPT
simulation was performed to equilibrate the solvent density,
where we employed a Parrinello-Rahman barostat.''® After the
equilibration, all the production simulations were extended up
to 100 ns.

Results

In this section, we present an overview of the most important
effects of molecular CO, quoted from our previous study and
obtained in the present investigation. We start with the experi-
mental observation of (i) the de-charging of weakly acidic
surfaces, (ii) the recharging of de-charged surfaces upon the
addition of salts and (iii) the enhanced charging of nominally
inert hydrophobic oxide surfaces. We then turn to the results of
our simulations regarding the adsorption of molecular CO, at
all investigated surfaces and the effects this has on the ionic
structure of the EDL. Together, this will allow the development
of a consistent description of the opposing effects molecular
CO, has on surface charge in terms of a local enhancement of
interactions directly and indirectly related to electrostatics.
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CO,-induced decharging and suppression of counter-ion
exchange

Conductometric charge characterization yields access to all
relevant charges of colloidal particles. Comparing experiments
in two salt-free states, ie., decarbonized and equilibrated
against ambient air, shows the effects CO, has on these
charges.®* Fig. 3a compares the background-corrected number
density-dependent conductivities of PnBAPS359 suspensions
for these two states. In both cases, we observe a linear increase
as known from literature®® and expected from eqn (1) for M = 0.
Fitting linear functions to the data we obtain the effective
conductivity charge as Z, = (2.35 £ 0.04) x 10° and Z; =
(1.30 + 0.07) x 10 in the decarbonized state and after
equilibration with ambient air, respectively. The number of
freely moving counter-ions halves in the presence of CO,.

Fig. 3(b) compares the background- and particle contri-
bution-corrected conductivities per particle for the two states
in dependence on the number of micro-ions added per particle.
In the decarbonized state (black circles), the data first increase
steeply. In fact, they initially follow the expectation for the
conductivity contribution per particle of HCI (dash-dotted line).
The curve then bends over and runs parallel to the expectation
for the conductivity contribution of CsCl (short-dashed). This
behavior indicates an exchange of initially present H' for the
added cation.”® Starting with a deionized suspension equili-
brated to ambient air, we only observe a strictly linear increase
(blue diamonds) following the expectation for the conductivity
contribution of CsCl. Thus, there is no ion exchange. Least
squares fits of eqn (1) and (2) with n, Z; and M as input yield
bare charges of Zpare = (9.92 £ 0.05) x 10° and Zpre = (1.34 +
0.06)x10° for suspensions without and with CO,, respectively.
For comparison, we had N = (134 4 2)x10® from conducto-
metric titration. We stress, that charge numbers derived from
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Fig. 3 Conductometric charge characterization and counter-ion exchange. (a) Background-corrected conductivities as a function of number density
n for the two representative conditioning states as indicated in the key. The upper scale shows the volume fraction, ® = (4/3)na°n. The dashed lines are
least squares fits of eqn (1). Data taken from ref. 84. (b) Background- and particle contribution-corrected conductivities per particle in dependence on the
number of added micro-ions per particle for the two representative states as indicated in the key. The dash-dotted and dashed lines are the theoretical
expectations for the conductivity contribution of added HCl and CsCl, respectively. The solid lines are least squares fits of egn (1) and (2) to the data. Data

taken from ref. 84.
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experiments using different alkali halides like LiCl, NaCl, KCl,
KBr etc. agree quantitatively.** The presence of CO, thus acts
directly on the state of dissociation of the weakly acidic surface
groups.

Discrimination of an additional decharging effect

Different effects at work in decharging can be discriminated by
monitoring the {-potential upon adding different non-reacting
electrolytes.®® Always starting from a deionized and decarbo-
nized state, NaCl, respectively HCl-solutions were added suc-
cessively to the suspension; for CO, we increased its
concentration in the reservoir atmosphere up to ~90% CO,
and cycled the suspension, until equilibration was obtained. In
Fig. 4(a) and (b), we compare the electrophoretic behavior of
the hydrophilic surface to that of the hydrophobic surface as
was observed in ref. 83. We plot the measured {-potentials
versus the total micro-ion concentration, both normalized to
the reference values in the deionized and decarbonized state.
For the addition of CO,, ambient conditions are marked by the
red arrow. In all cases, we observe a linear decrease with the
logarithm of the total ion concentration. For the hydrophilic
surface stabilized by hydroxyl groups [Fig. 4(a)], we observe
NaCl to induce a weak decrease caused by screening effects.
The same effect is also observed for other chloride salts
(not shown). Adding HCI, the slope steepens, as now aditional
pH-driven charge regulation occurs. Screening and charge
regulation are also expected upon equilibration with CO, due
to its dissociation products. Upon the addition of CO,, how-
ever, the slope still steepens further. Thus, we observe dechar-
ging well beyond the expected effects of screening and pH-
driven charge regulation. This demonstrates an additional
decharging mechanism that must be related to molecular CO,.

For the polymeric surface [Fig. 4(b)], the effect of pH-driven
charge regulation is less pronounced due to the different sur-
face chemistry. However, here the addition of CO, leads to a
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drastic decharging in line with the observations from conduc-
tivity. Note that we have near complete decharging after equili-
bration against an almost pure CO, atmosphere. In fact,
experiments using a pure CO, atmosphere led to the onset of
coagulation. As can be seen, all additives lead to decharging. As
expected the relative decharging depends on the type of
surface and the type of additive. Remarkably, however, for both
hydrophilic and hydrophobic surfaces, the CO,-related com-
bined effects significantly surpass that observable for screening
alone, respectively for screening plus pH-driven charge
regulation.

CO, induced shifts of the dissociation equilibria

Our findings were cross-checked and rationalized in ref. 84 by
Poisson-Boltzmann cell model (PBC) calculations under charge
regulating boundary conditions. We calculated the bare
charges for a fixed volume fraction of ¢ = 4 x 10°° of
PnBAPS particles using their titrated surface group number
N =134 x 10?, and a variable surface pK, as input. The results
for Zyare are shown in Fig. 5(a) as solid lines in dependence on
the chosen surface pK,. Since Zp,e and Zppc depend on the
amount of EDL overlap, and thus on n,>”'"” we subsequently
performed additional calculations under variation of the volume
fraction. The range of bare charges obtained under variation of
the number density of particles between n = 10'* m > and n =
10" m~2 is included in Fig. 5(a) as light shaded region. At pH 7,
the order of magnitude variation in n translates to a 2%
variation of Zp... The experimentally observed bare charge is
recovered for a surface pK, of 4.26, (dotted vertical line). This is
compared to the results obtained under ambient CO, conditions
(orange solid line, pH = 5.5). In this case, one would expect a
bare charge of Zy,.. & 6 x 10° given an unchanged surface pK,.
Now, however, the experimentally observed bare charge is recov-
ered for a surface pK, of 6.5. Note that these values show a
negligible dependence on particle concentration.
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Fig. 4 Discrimination of decharging effects. Measured {-potentials versus the total micro-ion concentration, both normalized to the reference values in
the deionized and decarbonized state. (a) Data for a fused silica surface upon adding three different kinds of chemicals as indicated in the key. The error
bars correspond to the standard error at a confidence level of 0.95 of the fits to the Doppler-spectra. Dashed lines are least squares fits of eqn (1) to the
data. For orientation, the red arrow denotes the total microion concentration obtained upon equilibration of salt free suspensions against ambient air.

(b) Same as (a) but for the polymeric surface. Data taken from ref. 83.
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Fig. 5 Results from cell-model calculations. Comparison of data obtained using the Poisson—Boltzmann cell-model for the salt and CO,-free state at
pHpuik = 7 (black) and the CO,-equilibrated state at pHp i« = 5.5 (blue). (a) Bare colloidal charges calculated for different surface group pK,-values (solid
lines). For pH = 7 the grey shaded regions indicate the variation of Z,, due to its dependence on n. The variations are even less significant at pH = 5, in
fact so small that the shaded region is hidden by the line thickness. The experimentally observed bare charges are shown as dashed horizontal lines;
crossing points with the curves obtained from the PBC allow to estimate effective surface pK,-values of 4.26 and 6.5, respectively. (b) Renormalized
charge as a function of the corresponding bare charge. The hypothetical case without charge renormalization (Zpgc = Z) is shown as a black dashed line.

Fig. 5(b) compares the numerically obtained effective
charges, Zpgc, for both considered pH-values as a function of
the bare charge. While for small bare charges both curves
collapse onto Zpgc = Z, as the bare charges increase, they bend
over, indicating substantial charge renormalization. In quali-
tative agreement with the results of Alexander et al,''” the
saturation value at the increased salinity obtained in
the presence of CO, is larger than in its absence. Note that
the small variation in Zy,,. due to its dependence on n (shaded
regions) translate to an even smaller variation in Zppc. At
pPHpux = 7.0, where we had Zpae = (9.92 + 0.05) x 10° and
Zs = (2.35 4 0.04) x 10, the theory predicts a value of Zppc =
2100. For pHpyx = 5.5, where we had and Zp, = (1.34 + 0.06) X
10% and Z = (1.30 4 0.07) x 10°, the theory predicts a renorma-
lized charge of Zpgc = 1170. For both pH values, the theoretical
predictions deviate less than 10% from experimental values
and are thus in reasonable agreement. As in the experiments,
the decrease of the bare charge is mirrored by the accompany-
ing decrease of the renormalized charge. Further note that
variations of Zp,.. due to an altered colloid density n do not
translate to appreciable variations of Z.¢ Moreover, at pH = 7
there is a large difference between the bare and the renorma-
lized charge, which is absent at pH = 5.5. Consequently, hardly
any counter-ions are left for exchange, which explains the
experimental observations of Fig. 3(b).

For the silica surface, we give estimates of the isoelectric
points (LE.P.) from a plot of measured {-potentials as a func-
tion of pH. Data in Fig. 6 arrange in two groups corresponding
to the two different conditioning states.

The data obtained for adding HCI under ambient conditions
(¢f- Fig. 7 below) superimpose with the data obtained for adding
CO, to a decarbonized system [cf. Fig. 4(a)]. The combined data
extrapolate to zero potential at approximately pH =~ 3.1.
Notably, this value is in good agreement with the average value
reported by Parks for measurements taken without special

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Estimating the LLE.P. of fused silica surfaces. Magnitudes of (-
potentials in dependence on suspension pH for three different cases
indicated in the key. The dashed line is an extrapolation towards vanishing
{-potential corresponding to the isoelectric point yielding pHgp. ~ 3.1 +
0.1. Green Symbols are data as reviewed by Kosmulski.®® The green cross
denotes the median of a sub-sample as collected by Parks,®® while the
green bar denotes the spread of literature values for silica not included
therein. The open symbols denote the potentials upon addition of acid to a
system in the strictly CO,-free state. The dash-dotted line is a linear
extrapolation towards the |.E.P. under decarbonized conditions (red cross)
yielding pHgp. &~ 0.6 + 0.3.

precaution to exclude CO, (** green cross in Fig. 5) and also
well inside the range reported in Kosmulski’s more recent data
compilation (*® green bar in Fig. 6). In stark contrast, for the
data obtained for the addition of HCI to a decarbonized system
(¢f Fig. 4(a) and 7 below), the same linear extrapolation leads to
a pH-value significantly below 1. While we are aware of the
limited precision of such extrapolations in particular for silica,
our result nevertheless might imply a significant qualitative
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were recompiled from ref. 82 and 83.

reduction of the L.E.P., if molecular CO, is strictly excluded
from the systems under study. Since the LE.P. is largely
determined by the presence respectively absence of dissociated
hydroxyl groups, the shift in the LE.P. indicates a corres-
ponding increase of the degree of dissociation. This is in line
with the above discussion of the polymeric surface. Together,
our analysis suggests that both the lowering of bare charge
numbers at the polymer surface and the L.E.P. shift at the
mineralic surface can be viewed on a common footing: ie., a
dependence of the dissociation equilibrium of weakly acidic
surface groups on the amount of molecular CO, present in the
system.

Soft Matter

The Janus-nature of CO,

Above we studied the charge state of hydrophobic and hydro-
philic model surfaces under the addition of simple 1:1 electro-
Iytes, i.e. NaCl and HCI. In four experimental series, we now
explore how the observed behavior is further modified by the
presence of CO, and summarize our results in Fig. 7.5>% wWe
focus on three different background levels of CO,: decarbo-
nized, equilibrated to ambient air and equilibrated against a
nearly pure CO, atmosphere.

Adding NaCl addresses the combined influence of screening
and CO,. In the semi-log plots of Fig. 7(a) and (b), we consider

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sm00222f

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 7:47:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

the addition of pH-neutral electrolyte (NaCl). We show the
moduli of the measured (-potentials as a function of total
micro-ion concentration. Both potentials are, of course, nega-
tive due to charging by carboxylate, respectively hydroxyl
groups. For the fused silica surface under ambient conditions,
we observe a near linear decrease, which, however, is less steep
than without CO, [Fig. 7(a)]. At over-carbonized conditions, we
observe a mobility maximum with a peak value of 60 mV. While
the ascent is quite steep, the descent shows a slope rather
similar to that observed in the decarbonized state. For the
polymer surface [Fig. 7(b)], the linear decrease with increasing
logarithm of the total micro-ion concentration switches to an
increase followed by a very weak decrease already at ambient
conditions. Under over-carbonized conditions, we find an even
steeper increase followed by a slightly steeper, albeit still weak
decrease.

In Fig. 7(c) and (d), we compare both surfaces under the
addition of a strong acid, where under decarbonized conditions
we saw the combined action of screening and pH-driven charge
regulation. For the silica surface, [Fig. 7(c)], we observe a
slightly steepening, respectively a slightly flattening decrease
both in the decarbonized state and under ambient conditions.
However, a sharp and pronounced maximum occurs upon
addition of HCI in the over-carbonized state, again with a
peak value of { & —60 mV. In contrast, at the polymeric surface,
[Fig. 7(d)], we observe a decrease under decarbonized condi-
tions but an increase already under ambient conditions. At
over-carbonized conditions, we observe a still steepened
increase.

We emphasize that in all runs the covered ranges of pH and
salinity are well comparable. The decisive difference is the
presence or absence of CO,. In the presence of dissolved CO,,
we see a transition from decharging to (transient) recharging
for stepwise increasing CO, content in all four series. This
contrasts with the observations in the decarbonized state,
where we only see decharging. As before, the expected effects
for the dissociation products of CO, are the same as for HCI in
decarbonized systems. We may therefore conclude that
the differences observable after equilibration against CO,-
enriched atmospheres are due to the presence of molecular
CO,.

Our experiments using combining different surfaces with
different electrolytes under well controlled CO, concentrations
again reveal the Janus nature CO, in its influence on the
different processes of charge adjustment. Moreover, it points
to an additional charging mechanism not yet considered. While
that mechanism appears to be absent under decarbonized
conditions it becomes rather pronounced and dominant at
over-carbonized conditions. But specific differences are obser-
vable for the two surfaces and the two electrolytes. The maxima
are much sharper in the case of silica and of similar height for
the two electrolytes, while at the polymeric surface, the
decrease is sluggish, if present at all. At the polymer surface
the maximum observed values increase when moving from
NaCl to HCI, despite pH-driven charge regulation. However,
no clear maxima emerge for the range of HCl-concentrations

This journal is © The Royal Society of Chemistry 2026
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probed. This may suggest that in the latter case recharging
continues in parallel to decharging of the weakly acidic surface
groups. Comparison to existing reports on potential
maxima®'~® suggests co-ion adsorption as a possible candidate
for the recharging mechanism.

Co-ion adsorption

We pursue this suggestion by determining the (-potential
under addition of sodium salts from the lyotropic series NaF,
NaCl, NaBr, and Nal. We compare the two different model
surfaces at decarbonized and ambient CO, conditions in
dependence on the total micro-ion concentration and present
the results in Fig. 8.

For the decarbonized silica surface in Fig. 8(a), we see a
linear decrease irrespective of the co-ion species. Data for the
larger ions coincide, while the data for NaF show a slightly
steeper slope. This decrease corresponds to the expected effects
of increased screening with increasing salt concentration.
Under ambient CO, conditions, the decrease has weakened
for NaF and NacCl, while it has turned to an increase for the
larger co-ion species [Fig. 8(b)]. The identical behavior is
observed in Fig. 8(c) for the polymer surface already under
decarbonized conditions. Here, the maximum {-potentials
exceed the potential of the decarbonized salt-free surface.
Under ambient CO, conditions, all data collapse onto a single
curve showing an initial increase followed by a plateau at a
{-potential of approximately { ~ —45 mV. This is of the same
order of magnitude as reached for the same total concentration
of small ions under addition of screening 1:1 chloride salts.
This remarkable plateauing behavior observable for both sur-
faces points to an ongoing co-ion adsorption paralleled by a
further increase in screening effects.

Fig. 8(d) shows a fascinating indifference of the position and
shape of the maxima to co-ion type. This is similar to the
findings reported in (ref. 3), where it was used as an argument
against co-ion adsorption. Comparison of all four situations
displayed in Fig. 8, however, clearly demonstrates that max-
imum occurrence depends both on co-ion type and surface
type. Increased co-ion size and chaotropic character as well as
an increased surface hydrophobicity favor the switch from
decharging to recharging as seen in the increasing
{-potentials. Remarkably, however, it also depends on the
presence or absence of CO,. We clearly recognize that the
presence of CO, significantly supports the development
of {-potential at both surfaces.

Charging of a chemically inert oxide

In this section, we compare the charge state of the sapphire
(0001) surface immersed in salt-free water in the absence and in
the presence of ambient CO,. Fig. 9 shows a representative
result for a buffer-free sample. In the decarbonized state at
neutral pH, we observe a finite electroosmotic mobility of
Isapphire = (—2.4 £ 0.3) 107® m* V"' s~ . The surface carries a
moderate negative charge. Upon adding CO,, the mobility
increases by about a factor of three to ysapphire = (—7.9 £ 0.2)
10°® m? v' s ' These values correspond to (-potentials
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Fig. 8 Effect of adding Na-salts with different co-ions to differently conditioned hydrophilic and hydrophobic model surfaces. (a) Semi-log plot of the

magnitudes of (-

potentials of the fused silica surface in mV (left scale) and reduced units (right scale) in dependence on the total micro-ionic

concentration for different salts as indicated in the key. The error bars correspond to the standard error at a confidence level of 0.95 of the fits to the

Doppler-spectra. The dashed line shows for comparison the (

-potential for the addition of CO, to salt-free systems. (b) The same but now after

equilibration to ambient air. (c) The same for the PNBAPS surface in the decarbonized state. (d) The same for the PnBAPS surface at ambient conditions.

’Usapphire with COZ
o Usapphire NO COZ

Fig. 9 Electroosmotic velocities at sapphire [0001]. We compare data
taken in the decarbonized state (open circles) to data taken after equili-
bration to ambient air (shaded diamonds). The lines represent least squares
fits of a linear function to the data and the error bars denote uncertainties
of the fits to the spectra at a confidence level of 0.95. For the decarbonized
and the equilibrated state, the slopes return mobility values of pisappnire =
(2.4 + 0.3) 1078 m? V7' 57! without CO, and gsappnire = (7.9 + 0.2)
1078 m2 v~ s71 at ambient conditions, respectively.

of —30 mV and —97 mV. In the literature, { potentials at this pH
were reported for various types and concentrations of

Soft Matter

background electrolyte and buffers, as well as for different
sample pretreatment and cleaning procedures.**®*'® Our result
obtained at zero CO, lies at the lower bound of the reported
range, the result obtained under ambient CO, conditions
exceeds this range at its upper end. This supports the claim
to CO,-free conditions made for most of the studies.'*®''° we
stress that the observed increase in {-potential upon the addi-
tion of CO, is opposite to what is expected for its dissociation
products. This again suggests that molecular CO, takes an
important role in the observed charge increase.

Further measurements under variation of CO, content,
adjusted pH and concentrations of added simple electrolytes
are clearly warranted for a more systematic picture. They are, in
fact, under way and will be reported elsewhere. While in this
sense preliminary, our comparison nevertheless clearly demon-
strates that the presence of CO, at a chemically inert surface
strongly assists the charging process ongoing at that surface in
salt-free and pH-neutral water.

Simulation results

Previous investigations had indicated that at surfaces in con-
tact with water containing molecular CO,, the latter enriches in
a diffuse layer close to the surface.®> We now follow that issue

This journal is © The Royal Society of Chemistry 2026
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scale) at (a) uncharged Isoleucin, (b) uncharged Q4 silica; (c) uncharged Q3 silica, and (d) 9% ionized Q3 silica. The hydroxyl group density in the latter two
cases was 4.7 nm~2. The thin solid lines to the left show the densities of surface atoms.

systematically and in more detail. Fig. 10 shows the density
profiles obtained for water and for a bulk concentration of
2 nm? CO, at four representative surfaces. Crystalline Isoleu-
cin is an uncharged hydrophobic organic surface. The silica Q4
surface is an uncharged and hydrophobic mineral surface. The
hydrophilic silica Q3 surface in addition bears ionizable hydro-
xyl groups. We here study it at zero and at 9% degree of
deionization. At both hydrophobic surfaces, CO, enriches close
to the surface with peak densities above and around 20 nm .
At Isoleucin, CO, fills the gap between the surface and the first
water layer. At the silica Q4 surface, the water structure is very
pronounced and the location of the CO, peak coincides with
the first water layer. We stress that this enrichment does not
imply any anchoring or attachment to the surface. Rather, the
molecules retain their capability of free motion. Moreover, we
do not see any indications of a preferred orientation. CO,
enrichment is also seen at both hydrophilic surfaces; however,
the effect decreases with increasing degree of dissociation.
The location of the CO, peak shifts slightly outward in the
presence of hydroxyl groups, but does not change upon their
dissociation.

Next, we studied the dependence of the adsorbed amount on
the concentration of a simple electrolyte, NaCl. Fig. 11(a) to (c)

This journal is © The Royal Society of Chemistry 2026

compares the densities of CO, at the three silica surfaces. In
particular for the uncharged surfaces, the amount of stored
CO, increases significantly as the concentration of salt is
increased. Interestingly, neither the surface-specific water
structure, nor the location of the CO, peak were found to move
in the presence of salt. However, the presence of salt may
influence the extent of CO, enrichment. At silica Q4, the CO,
surface density now surpasses the bulk density by more than an
order of magnitude. At the Q3 surface, the enrichment reaches
200% as compared to the bulk. For the partially ionized surface
the effect is not that significant and the enrichment stays at
roughly 50% of the bulk value. Note, however, that in all cases,
the enrichment is observable out to the second water density
minimum.

The presence of adsorbed CO, influences the structural
arrangement of salt ions at the surface. This is shown in
Fig. 12. At all surfaces, we see a more or less pronounced
arrangement of the added ions in layers, with the first Na* layer
lying closer to the surface than the first CI™ layer. For both
charge-neutral surfaces, co-ions and counter-ions are depleted
from the immediate surface environment. This depletion effect
is increased in the presence of CO,. At silica Q4, the location of
Na" density maxima correlates to the location of water density

Soft Matter
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minima, while the CI” density maximum coincides with the
second water maximum. The locations do not depend on the
amount of CO, present. With CO,, however, hardly any CI™
structure is left. At the Q3 neutral surface without CO,, the
location of Na" density peaks is shifted outward as compared to
Q4. In the presence of CO, this shift is still increased. Also for
Cl7, the presence of CO, causes an outward shift in the location
of the density peak. For both ions, the structure is less pro-
nounced in the presence of CO,. Together, this demonstrates a
competition between CO, and ions based on steric interactions.

By contrast, we find an enrichment of ions at the 9% ionized
silica Q3 surface due to the now present electrostatic attraction
of counter-ions to the surface and of co-ions to the counter.-
ions. Interestingly, the location of the density peaks of both
counter- and co-ions shifts closer to the surface in the presence
of CO,. The first peak maximum density of Na' increases
significantly in the presence of CO,, while it is slightly dimin-
ished in the second and third layer and in the bulk. Remark-
ably, also the first layer density for Cl™ increases strongly once
CO, is present. Thus, at charged surfaces, CO, enhances the
EDL structuring, and it increases the amount of surface
enriched ions. Both issues point to an enhancement of electro-
static interactions due to the presence of CO, enriched in the
innermost part of the EDL.

Soft Matter

We next quantify the dependence of the salt ion structure on
the bulk salt concentration in Fig. 13. For constant CO, con-
centrations, we compare the ion profiles for Na* (left) and CI~
(right) for three increasing background salt concentrations.
Interestingly, at the lowest salt concentration, the salt structure
is only weakly pronounced and resembles that observed for the
neutral Q3, i.e., we see a weak overall enrichment of Na" and a
weak overall depletion of Cl™ towards the surface. With increas-
ing salt concentration, the density maxima for Na* become ever
more pronounced with a slight inward shift of the maximum
location. For Cl™, the behavior is more complex. The density
oscillations become progressively more pronounced. The over-
all depletion, which initially was visible out to about 2 nm is
reduced., However, even at the largest salt concentration, the
density at the first C1™-peak still remains below that of the bulk,
while at the dominant second peak, it significantly exceeds the
bulk density. This changing balance between steric repulsion
and electrostatic attraction upon increasing the salt concen-
tration strongly suggests that the EDL ionic structure in the
presence of CO, is clearly dominated by the electrostatic inter-
actions. These give both rise to a prominent first counter-ion
layer, which in turn induces a pronounced co-ion layering.

An interesting additional question relates to the degree of
charge accumulation by the adsorbed 1st layer counter-ions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 12 Structure of the innermost part of the EDL. Shown are data obtained under CO,-free conditions (dash-dotted lines) and in the presence of CO,
(solid lines). The density profiles for Na* are shown in blue (left column), those of Cl™ are shown in red (right column). Data er for (a) and (d) uncharged Q4
silica, (b) and (e) uncharged Q3 silica, and (c) and (f) 9% ionized Q3 silica. Note the deviating scale for the Na* density in (c). As before, the black lines
denote the profiles of water and of the surface atoms.

This is illustrated in Fig. 14 for the two silica Q3 surfaces. The ionic density profiles for Na* and Cl~ at the neutral Q3 surface,
situation without CO, is shown in the left column [(a) and (c)], now overlaid by the total accumulated charge (green line).
while the right column shows the situation in the presence of Overall charge-neutrality is retained, except for a very slight
CO, [(b) and (d)]. In the upper Fig. 14(a) and (b) we replot the charge oscillation due to the slightly differing locations of the
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Fig. 13 Salt dependence of the ionic structure. Shown are data obtained for 9% ionized silica Q3 in the presence of CO,. The density profiles for Na* are
shown in (a), those of Cl™ in (b). Different line colors denote different salt concentrations as indicated in the key. As before, the black lines denote the
profiles of water and of the surface atoms.
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Fig. 14 Charge imbalance due to EDL structuring at silica Q3. lon density profiles of Na™ (blue solid lines) and Cl~ (dark yellow solid lines), corresponding
integrated densities (dashed lines) and resulting charge imbalance (green line). The charge neutral surface is shown in (a) and (b) without and with CO,,
respectively. Except for a very mild charge oscillation, electro neutrality is retained. The 9% ionized surface is shown in (c) and (d) without and with CO,,
respectively. Roughly 70% of the surface charge is compensated by counter-ion accumulation in the first layer.

density maxima for cations and anions. The lower Fig. 14(c) and
(d) show how across the 1st Na' density maximum, the inte-
grated charge imbalance increases. In the absence of CO,, the
increase is steep at first, but continues in a weakened form out
to the third Na* layer. In the presence of CO,, the increase is

Soft Matter

sharper, rather steplike and is followed by a plateau-like
region. The sharpening is due to the CO,-induced increase of
the ion density for the first Na" layer. Beyond the third Na*
layer, the integrated charge imbalance decreases again, albeit
very slowly. This is due to the slightly larger density in the outer
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regions which presumably is an effect of the finite simulation
volume.

The maximum integrated charge imbalance in Fig. 14(c) and
(d) amounts to about 0.3 nm™? irrespective of the presence of
CO,. For comparison, at a 9% ionized Q3, we have a surface
charge density of 0.423 nm 2. This shows that about 70% of the
surface charge is compensated by counter-ion “condensation”
within the first 2 nm from the surface. For the CO,-free case, we
may further compare this number to the percentage of freely
mobile counter-ions derived from conductivity, which was
23.5% and to the ratio of effective to bare charge observed in
the PBC calculations, which was 21%. This good qualitative
agreement is striking and supports our above interpretation of
the conductometric experiments.

In none of our simulations, did the addition of salt lead to
charging by co-ion adsorption. In particular the findings in
Fig. 14(c) and (d) are in line with the experimentally observed
absence of Cl™ type co-ion adsorption at fused silica. However,
they also indicate, that the co-ion structuring gets more pro-
nounced in the presence of CO,. It will be interesting to explore
in future simulation studies, what happens upon exchange of
Br~ or I" for ClI” as co-ion. Overall, our new simulations
confirm the pronounced accumulation of molecular CO, at
various surfaces. They furthermore demonstrate the surface-
specific structure of the innermost EDL and the interesting
changes introduced therein by the presence of CO,.

Discussion

The present investigations relied on three major advances.
First, using ion exchange for decarbonization, we could
unequivocally identify CO, as an active agent in the observed
charge variations. This relied on the selective removal of
CO, not possible in previous work employing degassing
techniques.'>?%?>?%?7732 Regardless of the presence of N,
and O, (and other inert gases) in solution, a change in the
state of surface charge is only observed for the selective removal
of CO,. Second, the here used closed, gas-tight tubing system
with in situ control of electrolyte composition using parallel
conductivity and photometric pH-determination not only
assured reproducible sample conditioning. It also allowed for
systematic experiments in dependence on CO, content covering
the range from thoroughly decarbonized to over-carbonized, i.e.
equilibrated against nearly pure CO, atmosphere. To the best of
our knowledge this represents the first set of studies quantify-
ing the influence of CO, on surface charges. Third, the electro-
kinetic experiments were carried out using multiple scattering
free LDV in a cell featuring exchangeable side walls. This
allowed simultaneous measurements of two (or even three)
different surfaces under identical conditions. We thus could
reliably compare hydrophilic silica surfaces to hydrophobic
polymer surfaces. However, we could also exchange the silica
specimen for sapphire while keeping the polymer tracers. The
presented improvements allowed a flexible arrangement of our
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systematic experiments and facilitated comprehensive investi-
gations on a reasonable time scale.

Our most important results obtained so far are the follow-
ing. On the experimental side, we observed: (i) a drastic
decharging at surfaces stabilized by weakly acidic groups in
the presence of CO, which went far beyond the known effects of
the CO, dissociation products. (ii) Under over-carbonized con-
ditions, a near complete decharging of the polymeric surface
and a corresponding loss of counter-ion condensation and
counter-ion exchange. (iii) An assistance of the charging pro-
cess at nominally charge-neutral oxide surfaces by the presence
of CO,. (iv) A pronounced promotion of co-ion adsorption in
the presence of CO,.

The main findings of our simulations were: (i) a clear
tendency of molecular CO, to enrich at most different solid
surfaces in a thin diffusive layer. (ii) A moderate surface
specifity: CO, enrichment was most pronounced at charge
neutral hydrophobic surfaces, somewhat less at the charge-
neutral hydrophilic surface and even lower but still significant
at hydrophilic charged surfaces. (iii) An assistance of enrich-
ment at neutral surfaces by the presence of salt. (iv) An
enrichment of CO, in the vicinity of the first water layer. Peak
enrichment occurs below that water layer for the hydrophobic
organic surface, practically coincident for the hydrophobic
oxide surface and slightly above for the hydrophilic surface.
In all cases, however, the enrichment is detectable in a wea-
kened form out to the second water layer (v) An induction of
significant changes of the EDL structure by CO,: Both the
depletion of ions at uncharged surfaces and the layered enrich-
ment at charged surfaces are enhanced in the presence of CO,.
(vi) No co-ion adsorption for Cl™ as co-ion.

This comprehensive data set is now used to develop a
consistent interpretation of the Janus nature displayed by
CO,. We start from the observation that CO, was enriched at
all simulated surfaces (Fig. 10). We further note that the
structural details of the innermost part of the EDL are deter-
mined by the interplay of steric, electrostatic and dipolar
interactions, as well as quantum mechanics as far as the H-
bond network is concerned. Compared to the bulk of the
electrolyte, the bulk materials of all studied surfaces (SiO, or
Isoleucine) feature a much lower dielectric permittivity. We
therefore attribute the CO, enrichment to van der Waals
attraction. Since CO, is electrically neutral, steric interactions
are responsible for its final location. CO, is able to enrich below
the first water layer in the hydrophobicity related gap at the
organic charge neutral surface [Fig. 10(a)]. This conclusion is in
line with previous reports from theory, experiment and
simulation.'®** However, due to its small size,> CO, also can
be easily incorporated in the interstitials of a hydrogen bond
network. Therefore, the main peak is also seen close to the 1st
layer of water, when the latter is closer to the surface for less
hydrophobic surfaces [Fig. 7(b) and (c)]. Furthermore, the
enriched molecules interact sterically with the ionic EDL com-
ponents. The presence of CO, simply increases their depletion,
be it Na* or Cl™ [Fig. 9(a), (b), () and (f)]. Taking the simulation
results together with our experimental findings (i) to (iv), our
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first main conclusion is the observed massive changes in the
charge of our surfaces are caused by the presence of molecular
CO, in the innermost part of the EDL.

Dielectric charge regulation

For the following discussion we assume that the increased
presence of molecular CO, leads to a locally decreased dielec-
tric permittivity. This will strengthen all electrostatic interac-
tions within the innermost part of the EDL. We first discuss the
consequences for surfaces charged by weakly acidic groups.
Here, strengthened electrostatics can influence the degree of
dissociation in two closely related ways. This is illustrated
schematically in Fig. 15. We suppose that the presence of CO,
decreases the dielectric constant locally. A rough estimate from
Fig. 8 gives an initial decrease by no more than 2%. However,
this is enough to induce increased intra-molecular and inter-
molecular electrostatic interactions within and between surface
groups. The former will slightly increase the energy needed for
dissociation, the latter increases the Bjerrum length, Az and
introduces a Coulomb penalty exceeding kg7 for surface groups
separated by less than that length. Together, this will lead to a
mild reduction of the degree of dissociation. Comparing
Fig. 10(c) and (d), however shows that the amount of enriched
CO, is increased, as the charge is lowered. This enables a
feedback loop leading to further decreased dissociation
degrees. Its saturation value is set by the chemical nature of
the surface groups and the maximum amount of CO, available
for enrichment. The former is seen comparing the start points
of titration in Fig. 7(a) and (b). Upon going from decarbonized
over ambient to over-carbonized conditions, the initial charge
is halved for the silica surface, while a near complete dechar-
ging of the carboxylated surface occurs under over-carbonized
conditions. We stress again, that this drastic decharging cannot
be explained by the well-known pH-driven charge regulation,®®
which determines the charge state of this surface in the
absence of CO,. Its effect due to the decreased pH upon
allowing ambient CO, is clearly visible but insufficient to
explain the observed amount of decharging. Therefore, the
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here sketched CO,.induced mechanism is independent and
acts in addition. We have provisionally termed the novel
mechanism dielectric charge regulation.?>

Charging of a H-bond network

We now turn to nominally uncharged surfaces. Sapphire (0001)
bears Al,OH groups, which, in principle can be protonated or
deprotonated. This, however does not occur in the pH ranges
probed in the present study. We may therefore consider sap-
phire (0001) to effectively carry no ionogenic groups. Further,
there are no salt ions present, which could be adsorbed to the
surface. Still, the surface shows a moderate charge when
immersed in decarbonized and deionized water at pH-neutral
conditions (Fig. 9). The spontaneous charging of nominally
neutral surfaces is well documented with the details depending
on pH, salinity and cleaning procedure,'!™'32932118,119 Bageq
on ab initio molecular dynamics simulations, recent work has
argued, that charging of this surface proceeds via the enrich-
ment of hydroxid ions captured from the bulk into the hydro-
gen bond network of the first layer."* We can support this
picture from our simulation results, where the enrichment of
CO, at charge-neutral surfaces became very pronounced
(Fig. 10) and was further increased by the presence of back-
ground salt (Fig. 11). For the neutral Q4 surface, peak densities
reached values of up to 30 times the bulk density at the location
of the first water layer. This means that about one fifth of the
total density at that location is contributed by CO,. We recall
that the Q4 surface was chosen for its similarity to sapphire
(0001) as it is also hydrophobic, neutral, and not bearing any
ionogenic surface groups. We therefore infer that also at
sapphire (0001), there should be a significant enrichment of
molecular CO, coinciding with the location of the innermost
water layer.

This will lead to a substantial strengthening of the Coulomb
contribution in the H-bond network and specifically between
water and OH™, which provides additional binding sites. Its
integration into the network then leads to the experimentally
observed increase in negative charge (Fig. 8). Alternatively, one

9
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L

Fig. 15 Scheme of dielectric charge regulation. Intra-molecular (left) and inter-molecular (right) Coulomb interactions are considered for a surface
charged by weakly acidic groups. At lowered dielectric permittivity of the embedding medium, O-H-bonds will be strengthened, which in turn will
increase the dissociation energy. Repulsion between neighboring surface charges will be increased, leading to an extra Coulomb energy for closely

spaced groups.
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may think of CO3H™ being incorporated, as under ambient
conditions and pH 5.5 its concentration amounts to about one
tenth of that of molecular CO,, which is about two orders of
magnitude larger than that of bulk OH ."*° We therefore
suggest that future ab initio molecular dynamics simulations
focus on the effect that CO, has on the incorporation of OH™
into or bicarbonate on top of the H-bond network. Regarding
the charging of inert oxide surfaces, our study is clearly
preliminary. Further (-potential determinations under varia-
tion of pH and salinity are highly desired just as corresponding
simulations to support our hypothesis. For the time being, we
believe that an enhancement of surface charging via an
increased incorporation of H-bridge forming ions based on a
locally increased dielectric permittivity yields a consistent
explanation our experimental observations.

Adsorption of OH™ into the first water layer has also been
proposed as responsible for the negative charge of oil droplets
in water.*® {-potentials of droplets in degassed water range
between some 50 mV and some 90 mV in magnitude,'*!
potentials in emulsions equilibrated against ambient air could
not be measured due to their instability against coalescence. If
our observation of an increased (-potential at a chemically
inert, hydrophobic surfaces in the presence of CO, is transfer-
rable to oil-in-water emulsions, one would expect a further
stabilization, if CO, is admitted. This, however, is not observed.
Rather, it is the removal of dissolved gas which stabilizes the
emulsions.*® The comparison of existing experimental data on
oil droplets and the present results therefore supports the idea
of an additional medium-ranged hydrophobic attraction caus-
ing coalescence. Since such a comparison is inconclusive
regarding the gas species responsible for hydrophobic effects,
it would be very interesting to repeat the experiments on oil-in-
water emulsions using selective removal CO, by ion exchange.
This should show, whether the effects are caused by CO, or any
of the other atmospheric gases.

Co-ion adsorption

In the experiments, we saw a CO,-supported switch from purely
screening behavior of co-ions - reducing the effective surface
charge - to a pronounced adsorption - leading to a significant
recharging of surfaces formerly discharged by dielectric charge
regulation. Specifically, in Fig. 7, we observed that for the
hydrophobic surface, this switch was triggered by lower
amounts of CO,. In Fig. 8, we can discriminate ion-specific
effects: in general, larger ions are more easily adsorbed. Again,
this is surface specific. At the hydrophobic surface, only CI™
and F~ adsorb under decarbonized conditions, while all four
co-ions recharge it at ambient CO, conditions. The hydrophilic
surface does not adsorb any ion under decarbonized condi-
tions, but is recharged by ClI™ and F~ after equilibration in
contact with air. This raises the question, what lies behind the
ability of molecular CO, to induce ion- and surface-specific co-
ion adsorption.

Co-ions are known to adsorb unspecifically at surfaces.
Different reasons have been discussed which range from
chaotropic behavior with respect to bulk water, over

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

dispersion forces and hydrophobic effects to ion-ion correla-
tions.* ®1>2712 gince different interaction types are involved
and may compete at different surfaces, no general consensus
has as yet been established. We here, however, are interested in
elucidating the role of CO, in supporting the adsorption of co-
ions. To answer this question, we reconsider Fig. 12(c). There,
we see, that CO, triggers a moderately increased enrichment of
counter-ions. We propose that this is caused by increased
electrostatic attraction to the charged surface. Moreover, in
Fig. 12(f), we observe a pronounced increase of the co-ion
density as compared to the CO,-free case. Recalling that the
region of significantly enhanced CO,-density extends at least
out to the second water layer [Fig. 10(d)], we conclude, that its
presence — inducing a locally decreased dielectric permittivity -
also enhances the electrostatic attraction of co-ions towards the
counter-ion layer. In addition, the increased population within
the sodium layer will screen the repulsion between surface and
co-ions more strongly. In Fig. 12(f), the main CI” maximum is
located at a distance where without CO, we still see steric
effects, which at neutral Q4 [Fig. 12(b)] are even strong enough
to prevent any Cl™ layering. Clearly, the enhancement of EDL
structuring is dominated by electrostatic ion correlations over-
whelming steric interactions. This is also seen in Fig. 10,
illustrating the additional influence of increased salt concen-
trations. For both ions we can see a transition from a still
underlying diffuse accumulation, respectively depletion to a
clear structuring with several clearly discernible maxima and
minima. In each case, the strongest relative increase occurs for
the first ionic layer.

Fig. 11 shows that this increase in EDL structuring does not
yet lead to a net adsorption of co-ions and thus to an increase of
charge. Except for the surplus of counter-ions balancing the
surface charges, the mobile part of the EDL remains electrically
neutral, in line with the experimental observation in Fig. 5(a)
and (c). We stress, however, that charging is observed experi-
mentally, once we move to more hydrophobic surfaces and/or
to larger co-ions. Clearly, additional simulations for larger co-
ions remain to be performed to reproduce the screening-
charging transition in silico. Already now, however, we can
conclude that the simulations strongly support our suggestion
of a decreased dielectric permittivity and as a consequence an
increased electrostatically promoted EDL structuring by ion-
ion correlations.

We anticipate, that our findings have effects also on the
adsorption of larger co-ionic species, like multivalent co-ions,
surfactants and other large co-ions as well as proteins.”®'* In
fact, they can be used to explain the failure of particle charging
by surfactant under thoroughly deionized and decarbonized
conditions.®® We note that the CO, induced enhancement of
ion correlations in the first place requires a charged interface
for counter-ion enrichment as a remarkable general feature of
charging by co-ion adsorption. At neutral surfaces by contrast,
Fig. 12(a), (d), (b) and (e) show that either there is no strong
correlation or, if some correlation is present, it remains similar
in magnitude and is only shifted slightly in position. This in
turn prevents charging by direct co-ion adsorption stemming
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from added salt. There, however, the enhanced electrostatics
appear to strengthen the H-bond network and facilitate the
charging by incorporation of OH stemming from water
hydrolysis.

Conclusion

We here gave an overview on a series of precision experiments
monitoring the charge state of representative surfaces in con-
tact with aqueous electrolytes. We focused on the influence of
dissolved CO, added by equilibrating initially de-carbonized
systems in contact with atmospheres of controlled CO, concen-
tration. Using ion-exchange for selective de-carbonization of
systems equilibrated against atmospheres of different CO,
content allowed to attribute observed effects to CO, and rule
out other gases as cause. Working at de-ionized or low salt
conditions, i.e., in the absence of masking buffers, we demon-
strated that the effects of molecular CO, may be significantly
larger than the known effects of its dissociation products.
Moreover, we could demonstrate the Janus nature of molecular
CO, in charge regulation at surfaces immersed in aqueous
electrolytes. Depending on the surface under investigation
CO, assists charging, de-charging and/or recharging. This is
in stark contrast to the influence of its dissociation products,
which always cause decharging only. Thus, in a given situation,
the effects of molecular and dissociated CO, may oppose, e.g.,
upon increasing the amount of dissolved CO, in a deionized
system.

Remarkably, the effects of molecular CO, had been
neglected in previous work. In fact, we anticipate that our
findings are of relevance in many fundamental studies, where
the exclusion of CO, often remains an unmet challenge. If
molecular CO, is able to affect interfacial charge, the question
comes up to what extent many of the fundamental studies have
been carried out under well-controlled conditions. However,
with the instrumental developments reported, our approach
paves the way for further such studies with reliably controlled
CO, content.

We complemented the experiments by simulations on repre-
sentative surfaces under similar conditions. The two main
findings are the strong tendency of molecular CO, to adsorb
at most different surfaces and the significant influence it has
on the resulting EDL structure and the interactions amongst
EDL constituents. We suggest a common cause for the Janus-
type charge-manipulation phenomenology displayed by mole-
cular CO,, namely strongly enhanced electrostatics triggered by
a local decrease in dielectric permittivity. Based on this
assumption we can consistently interpret our experimental
findings as being due to the presence of diffusely adsorbed
molecular CO,, and explain the specific outcomes in their
dependence on the involved charging mechanism and consti-
tuents: chemically inert hydrophobic surfaces show an
increased effective charge presumably resulting from a
strengthened H-bond network incorporating OH™ ions. Sur-
faces bearing weakly acidic groups display a reduced degree of
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dissociation due to dielectric charge regulation. And for weakly
charged surfaces, our simulations suggest that ion correlations
can facilitate (re-)charging by co-ions adsorbing adjacent to the
first counter-ion layer.

We anticipate that our overview should stir much additional
experimental interest, and, at the same time, pave the way to
realize it. Employing the described advanced conditioning
procedures, future charge characterization experiments may
therefore consider further surface types like e.g., metals or
proteins, as well as additional charging/decharging mechan-
isms. An important contribution would be an experimental
confirmation and quantification of diffuse CO, adsorption at
surfaces, be it by scattering or spectroscopic techniques. The
present overview, in addition, provides some major challenges
to theory and simulation, too. E.g., dielectric charge regulation
calls for a suitable theoretical treatment possibly following, but
going beyond the qualitative arguments introduced here. Sui-
table force fields for larger co-ions should facilitate tests of CO,
assisted co-ion adsorption within the EDL, e.g., for Br~ and I,
which are currently not included in CHARMMZ27. The sugges-
tions made for the enhanced charging of inert surfaces could
be tested in future ab initio molecular dynamics simulations in
the presence of molecular CO,.

Accepting the suggestion of CO,-enhanced local interac-
tions, we expect profound effects also for other issues with
strong electrostatic contributions: surface reactions in general,
catalysis in particular, but also CO, sequestering or membrane
properties. Again, a Janus nature may be envisioned, depending
on whether CO, acts preferably on binding and release of
species or modifies their reactivity. Charge state and EDL
structure also play a vital role for many physical properties of
surfaces related to wetting or surface mobility. For systems with
overlapping EDLs, e.g., membrane pores, the presence or
absence of CO, possibly provides a convenient switch between
states.

Overall, our complementary experimental and theoretical
investigations demonstrate that molecular CO, isn’t the
harmless neutral molecule it was taken to be. We anticipate
that future investigations following this line will lead to a
much-refined understanding of the here-shown Janus nature
of CO,, and, in the long run, will find many interesting
applications.
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