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The interface of calcium silicate hydrate (C—S—H) plays a a crucial role in the mobility of ions through
hardened cement paste and thus in the long term durability of concrete structures. Here, we combine
experimental zeta potential measurements with non-equilibrium molecular dynamics simulations to
elucidate the surface state of C-S—H under cement-relevant conditions. Our findings reveal that the
co-adsorption of Ca%* and OH™ ions overcompensates the negative surface charge of C—S—H, originat-
ing from deprotonated silanol groups, thereby forming a surface adsorption network. This mechanism is
governed by the interplay between solution pH and calcium speciation, where higher pH values favor
the formation of calcium-hydroxide solution complexes. Consequently, an increase in pH leads

Received 24th July 2025, to a higher Ca/Si ratio in C-S—-H and a greater adsorption of these complexes, further increasing the

Accepted 5th January 2026 effective surface charge density. Conversely, a reduction in pH promotes ion desorption, leading to
a progressive decrease in the Ca/Si ratio and decrease in the effective surface charge. These findings

provide new insights into the long-term compositional evolution of C-S—H in cement paste, with impli-
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1. Introduction

Calcium silicate hydrate (C-S-H), the main hydration product
of Portland cement, is the most abundant man-made material
on the planet." In hydrated systems, the interactions at the
C-S-H-solution interface influence ion transport and conse-
quently the lifetime of concrete structures.”> To decrease the
environmental impact of concrete and to increase its durability,
a fundamental understanding of the interfacial phenomena at
the C-S-H interface is needed.’

The C-S-H particles have a nanofoil morphology. The
nanofoils are 100-200 nm long and below 5 nm thickness with
a specific surface area of 200-300 m”> g~ *.*” At the atomic level,
the C-S-H structure resembles the one of tobermorite 14 A.%°
The nanofoils are constituted of calcium-silicate layers stacked
in the c-axis direction. The mainlayer consists of a calcium
oxide sheet flanked by defective silicate chains. The silicate
chains consist mainly of dimers with some longer chain units.
The mainlayers are separated by an interlayer containing water
and ions. This arrangement results in C-S-H having dominant
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cations for phase stability, mechanical performance, and concrete durability.

basal (001) surfaces in the ab-plane.* While the bulk C-S-H
structure is today well understood,®*®'* the surface structure is
yet unexplored which hinders the interpretation and under-
standing of interfacial phenomena.>*"?

Casar et al. built an atomistic model of a high Ca/Si ratio
C-S-H nanofoil with its basal (001) surfaces that matches
experimentally measured properties (Ca/Si, proportion of sili-
cate species, Si-OH/Si, and Ca-OH/Ca).""! In order to fit the
model to these experimentally measured properties, a substan-
tial amount of Ca®" ions needs to be adsorbed on the surface.
Molecular dynamics (MD) simulations show that the amount of
adsorbed Ca”* is limited due to the strong hydration shell of
Ca®" and its preferential outer-sphere adsorption.”'* However,
OH™ ions can act as a bridge between inner- and outer-sphere
adsorbed Ca**,* which was previously observed on gypsum
surfaces,' effectively immobilizing Ca®>" close to the surface
and consequently increasing the net surface charge density of
the basal (001) surface. Enhanced calcium adsorption with
increased pH has been previously reported for silicate
materials">™"” and hydroxyapatite (calcium apatite mineral).'®
Shimanayashi and Nakagaki observed from adsorption iso-
therms a linear correlation between the adsorption of Ca®*
and OH ™ on hydroxyapatite in high pH solutions."®

To investigate the surface structure, researchers have synthe-
sized C-S-H through the reaction of CaO or Ca(OH), with
reactive Si0,'® and measured the zeta potential to understand
the structure at and near the C-S-H surface.’*>* While C-S-H
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in early Portland cement paste reaches Ca/Si > 1.7, this
synthesis method produces phase pure C-S-H with Ca/Si less
than 1.4.

Zeta potential is an indirect technique to investigate the
structure of the electric double layer (EDL) and consequently
the surface composition and adsorbate coverage.”®® It is
related to the charge state of the surface and infers the physical
and chemical properties of the interfacial systems. The techni-
que measures the potential-driven velocities close to the surface
from which the electrophoretic or electroosmotic mobilities
are calculated and converted to zeta or streaming potentials
via various theoretical relations (such as the Helmholtz-
Smoluchowski equation).>*°

Since the exact solution conditions are rarely reported in
experimental zeta potential studies, the interpretation of results is
often difficult. However, some general trends for low (<1.4) Ca/Si
C-S-H are seen.”>*****! The reported zeta potential values are
consistently negative for low Ca/Si C-S-H, suggesting a negative
surface charge. As calcium is added to the solution, the zeta
potential gradually increases, which suggests immobilization of
Ca® ions at the C-S-H surface.”® When calcium is added as
Ca(OH), to the solution, the zeta potential becomes positive at
approximately 2 mM of Ca(OH), and increases further with the
addition of Ca(OH),.****" When CaCl, is added to the initial
solution, the zeta potential again gradually increases, however, it
remains negative.>**> This observation suggests a decisive role of
OH™ ions in the mechanism of Ca** adsorption. Positive zeta
potentials were exclusively reported for C-S-H in calcium rich
solutions with pH above 11.3!

The negative surface charge of the C-S-H surface originates
from the deprotonation of surface silanol groups in the high
pH solution.?* Keen Koo et al. investigated the charge reversal
at the C-S-H surface-electrolyte interface by a mean-field
molecular theory approach.>® By accounting for steric and
electrostatic forces between ions, as well as for co-adsorption
of Ca** and OH™ in the form of a calcium complex (CaOH"),
they successfully predicted the experimentally determined
interface electrostatic potential of Labbez et al. for low Ca/Si
C-S-H.* Further, the results show a decrease in Ca>" mobility
at the interface with increasing pH values. It appears that an
overcompensation of the negative surface charge by Ca**
adsorption is possible when one accounts for co-adsorption
of OH™ ions.*

Harris et al. standardized and published a method for the
synthesis of phase pure high Ca/Si (>1.5) C-S-H.?® This was
the first methodological description of a synthesis protocol to
produce synthetic phase pure C-S-H with Ca/Si similar to those
in real cement pastes (Ca/Si > 1.6). Their C-S-H samples with
nominal Ca/Si ratios from 1.8 to 2.0 exhibit higher Ca/Si ratios
than expected from thermodynamic modeling. Further, they
observed much lower concentrations of calcium in the super-
natants than expected from thermodynamic modeling. Since
an increase in Ca/Si ratio is achieved with an increase in pH,*®
again, a decisive role of OH™ ions in the formation of the C-S-H
structure (bulk and surface) is suggested. The difference in low
and high Ca/Si ratio C-S-H could result in completely different
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surface states as recently hypothesized by Casar et al™''
According to this hypothesis at low Ca/Si a negatively charged,
calcium-depleted (001) C-S-H surface is to be expected, while at
high Ca/Si a calcium-hydroxide ion adsorption network is
formed and creates a positively charged surface. If true, this
implies that the interpretation of interfacial phenomena in real
cementitious systems based on low Ca/Si synthetic C-S-H can
be misleading.

In this study, phase pure high Ca/Si ratio (>1.5) C-S-H was
synthesized following the protocol of Harris et al.®>® The zeta
potential of samples was measured under various solution
conditions. The solution conditions include supernatant
solution, pure NaOH solution, and NaOH solution titrated with
Ca(NO3),-4H,0. Since zeta potential and other bulk methods
give little insight into local structure and ordering at interfaces,
these studies were complemented by non-equilibrium molecu-
lar dynamics (NEMD) simulations. With combined experi-
mental and simulation information this article clarifies the
mechanism behind the positive zeta potential and gives atomic-
level insights into the adsorption phenomena at the C-S-H
interface in high pH solutions.

2. Results

2.1. C-S-H dispersed in supernatant

C-S-H samples with Ca/Si of 1.4, 1.75, and 2.0 were synthesized
and vacuum filtered (unwashed), or vacuum filtered and
washed with an ethanol-water mixture (washed).”® Afterward,
3.1 wt% of the C-S-H samples were dispersed in their respec-
tive supernatants and the zeta potential was measured. Two
clear trends (Fig. 1A) are observed for increasing Ca/Si ratios.
Higher Ca/Si ratios correlate with higher pH of super-
natants,***® and with higher zeta potentials.** While the zeta
potential after washing decreases, it remains positive, even for
Ca/Si = 1.4, suggesting a strong affinity for Ca®" at the C-S-H
surface. The difference between the zeta potential of unwashed
and washed samples decreases with increasing Ca/Si. This
suggests that C-S-H with higher Ca/Si has more ‘stable’ surface
states, stronger adsorbed Ca®*, which are less affected by
external factors, such as washing. However, it appears that
there is always some small amount of loosely bound ions,
possibly outer-sphere adsorbed, that can be easily removed by
ethanol.

Next, the unwashed samples in the supernatant were titrated
with nitric acid (HNO;), and the pH and zeta potential were
measured. Fig. 1B shows that a decrease in the pH results in a
decrease of the zeta potential for all investigated C-S-H sam-
ples. This shows a correlation between the zeta potential and
the solution pH. It seems that a decrease in pH results in Ca**
desorption from the C-S-H surface. The similarity of Ca/Si =
1.75 and 2.0 samples in zeta potential change (slope) with pH
suggests very similar initial surface structures that differ from
the surface structure of Ca/Si = 1.4. The similar change in zeta
potential suggests that C-S-H samples with Ca/Si = 1.75 and 2.0
desorb similar amounts of Ca®* ions, which appear to be higher
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Fig. 1 Zeta potential of (A) 3.1 wt% C-S—H samples dispersed in reaction supernatant (pH 12.10, 12.69, and 12.80); (B) of 3.1 wt% C-S—H (unwashed)
dispersed in reaction supernatant and titrated with HNOj3 (the annotations show the zeta potential of the respective samples at pH 12), and (C) measured
during titration with Ca(NOs),-4H,O expressed as [Ca®*] addition (open symbols show the first measurement after filtration and dispersion in 10 mM
NaOH, and full symbols show the measurement after the second filtration and dispersion). The reported Ca/Si is the nominal Ca/Si of precipitated C-S—H

samples.

than the released amount of Ca*>" of C-S-H with Ca/Si = 1.4.
While the zeta potentials continuously decreased with decreas-
ing pH (Fig. 1B), they remained positive for all samples. The
supernatants were titrated with nitric acid until pH 10, below
this point C-S-H dissolves rapidly.

To gain a better understanding of the solution effect on the
zeta potential, the supernatants at pH 12 (annotations in
Fig. 1B) were analyzed by ICP-OES and its composition was
used as input parameters for thermodynamic modeling (see SI).

As the solution pH (and, therefore, the Ca/Si ratio) increases,
thermodynamic modeling predicts an increase in the concen-
tration of Ca®" and calcium solution complexes (Fig. S8). Ca>*
remains the dominant species over the entire range of Ca/Si
ratios, which is consistent with the Porbaix diagram (log C-pH)
of a 2.5 mM calcium solution (Fig. $9).>” However, the relative
amount of Ca(OH)" in comparison to Ca®>" increases with an
increase in Ca/Si (in pH). The relatively higher proportions of
Ca(OH)" at increased Ca/Si and the discrepancy between ther-
modynamically calculated (that does not account for surface
complexation) and ICP-OES measured concentrations suggests
increased co-adsorption rates of Ca** and OH ™ at the surface.

2.2. Calcium titration in NaOH solution

Calcium titration experiments were carried out to investigate
calcium adsorption onto C-S-H surfaces. Washed C-S-H sam-
ples with Ca/Si = 1.0 and 1.75 were investigated since they
represent low and high Ca/Si C-S-H. The samples were dis-
persed in 10 mM NaOH solution and titrated with calcium
nitrate tetrahydrate solution (Ca(NO3),-4H,0). Titration was
carried out in 10-minute intervals to allow for equilibration
before measurements (open symbols in Fig. 1C). After the final
titration, the samples were allowed to sit for 15 hours before
measuring the zeta potential. Afterward, the samples were
again filtered and dispersed in a fresh 10 mM NaOH solution
from which the zeta potential measurements were collected
(full symbols in Fig. 1C).

2680 | Phys. Chem. Chem. Phys., 2026, 28, 2678-2688

Similar trends are observed for both samples. For both
samples (Ca/Si = 1.0 and 1.75) after dispersion in 10 mM NaOH
positive zeta potentials are measured (0.9 and 3.5 mV), and they
gradually increase with the addition of calcium (Ca(NOj),:
4H,0) until a concentration of 13 and 15 mM is reached. With
an addition of 13 mM calcium the zeta potential of the Ca/Si =
1.0 sample increased by 1.2 mvV, while the Ca/Si = 1.75
increased by 0.7 mV. The initial zeta potential of C-S-H with
Ca/Si = 1.75 (after washing and dispersion in 10 mM NaOH pH
12.03) was ~4 times lower than the measured zeta potential of
the same unwashed C-S-H in the supernatant at pH 12 (3.5 mV
versus 13.7 mV). Further, the zeta potential of the Ca/Si = 1.75
sample gradually increases until the calcium concentration of
15 mM, after which it shows a sharper, but less linear increase.
At the final calcium concentration of 45 mM, the measured zeta
potential was 9.5 mV, which is ~30% less than the zeta
potential of the unwashed sample in supernatant at pH 12.
This difference could be due to calcium nitrate addition. When
titrating with calcium nitrate the pH of the solution gradually
decreases which lowers the zeta potential (Fig. 1B).***’

It appears that calcium adsorption is only partially reversible
under these experimental conditions and that sodium pro-
motes the removal of calcium from the C-S-H surface. These
findings are further supported by the re-dispersion of the post-
titration filtered C-S-H sample in 10 mM NaOH solution
(full symbols in Fig. 1C), where the measured zeta potentials
of the Ca/Si = 1.0 and 1.75 samples further decreased in
comparison to the first dispersion in NaOH at the start of the
titration experiment. After the second dispersion (full symbols
in Fig. 1C) in NaOH, the measured zeta potential for Ca/Si = 1.0
sample was —1.1 mV, while the Ca/Si = 1.75 sample had 0.7 mV
(after the first dispersion, open symbols in Fig. 1C, the mea-
sured zeta potentials were 0.9 and 3.5 mV).

To ensure the C-S-H samples were not altered during the
titration experiments, part of the post-titration sample was
freeze-dried, and X-ray diffraction (XRD) data was collected.

This journal is © the Owner Societies 2026
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XRD patterns (Fig. S5) of both samples are typical for
C—S_H 892435

2.3. Molecular dynamics

To obtain an atomic-level insight into the phenomena leading
to changes in the zeta potential of C-S-H, non-equilibrium
molecular dynamics (NEMD) simulations were carried out.>>>®
The studied surface was a basal (001) C-S-H surface (2.8 nm x
4.5 nm).**® 93% of the surface silanol groups were deproto-
nated, which is in the expected range for C-S-H in high pH,
calcium-rich solutions.*® This level of deprotonation results in
a surface charge density of —4.46 e nm™>, i.e. —0.72 C m . The
negative surface charge was compensated by Ca®" ions in the
proximity of the surface (2.23 Ca®* per nm? less than 1 nm away
from the surface). Two such model surfaces were separated by a
~ 6 nm slab which contained 2782 H,O molecules and 7 CaCl,
units (0.156 M).

In addition to the simulated systems described above, three
more systems were investigated. In the additional systems, an
integer number of one Ca*>" and two OH™ ions were initially
randomly placed in the proximity of each (001) surface (Table
S3). This addition is expressed as surface adsorbed OH™ ions
per nm” in the following discussion. With this, a co-adsorption
of Ca®>" and OH ™~ was approximated. In all simulations, the bulk

Zeta potential {yp [MmV]
Effective surface
charge density [e/nm?]

0.0 0.5 1.0
OH~ ions / nm?
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solution concentration was kept constant (0.156 M CacCl,, as
explained in the SI) as an analogy to the experimental C-S-H
samples where zeta potential were measured at pH 12 in the
supernatant (vertical line in Fig. 1B). Simulation and model
details are given in the SI.

The zeta potentials shown in Fig. 2A were calculated from
the water mobilities (Fig. S11) as described by Predota et al.>®
It is seen that an increase in the OH ™ ion surface concentration
correlates with an increase in the zeta potential and the
effective surface charge density. The effective surface charge
density is calculated as the base surface charge due to depro-
tonation of silanol groups (—4.46 e nm™>) plus the charge due
to immobile Ca** and surface adsorbed OH ™ ions at the C-S-H
surface. While both the zeta potential and the adsorbed
amount of ions accounted in the effective surface charge
density are physical and chemical properties of the interface
related to the charge state of the surface, zeta potential is an
electrokinetic property that depends on the mobility of charged
species at the interface, not only their numbers.?* Typically zeta
potential reflects the sign of the surface charge, but exceptions
can occur due to ion adsorption, solvent effects, and interfacial
EDL structure. This can lead to counter-intuitive results as seen
in Fig. 2A at OH™ ions per nm” = 0.32, where the zeta potential
is positive (1.01 mV) while the effective surface charge density

J\/L
0 g
j/\r > <
jAr
J\/L <
> g o
s A

(001) Surface silicate chain

OH~ ions / nm?
Fig. 2

OH™ ions / nm?

(A) Zeta potential and effective surface charge density as predicted by NEMD as a function of surface concentration of surface adsorbed

-~ Mobile - I(0) —— I(OH) I(0+OH) - (e) —@ CI”
3_ o~
C £15/D E

5. + € 21
= — Immobile % 1.0 <
5 ~&— Mobile o § .
8 _8 0.5 1 - N -

01 | | E oo ' , oL . -

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

OH~ ions / nm?

hydroxide ions (OH™ ions per nm?). (B) Schematic representation of calcium sites at the CSH interface. Dark blue triangles are the surface silicate
tetrahedra, the small red circle is an OH™ ion and water molecules are represented by red lines. The large circles are Ca®* ions which are coordinated to
silicate oxygens (I(O)), silicate oxygen and OH™ (I(O + OH)), OH™ (I(OH)), or are immobile outer-sphere adsorbed (I(®))), or mobile (M). (C) and (D) Show
the Ca?* concentration of different calcium sites. (E) Average distance (Zmean) Of ions from the silicate chains (perpendicular to the surface).
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remains negative (—0.2 e nm~>). The here calculated effective
surface charge was determined from the immobile ions defined
by their MSD below a chosen threshold. Therefore, some Ca**
ion that was treated as mobile (not contributing to the effective
surface charge) under this assumption could have been immo-
bile, possibly making the effective surface charge positive,
in line with the positive zeta potential, which is determined
directly from the relative motion of the surface and bulk
solution, without the need of any assumptions on the (im)mobi-
lity of interfacial species. Regardless, the effective surface charge
is a useful concept for the discussion of interfacial behavior and
explaining the experimental trends.

To better understand the role of surface adsorbed OH™ ions
at the C-S-H interface, an analysis of calcium sites and their
relationship to the surface and OH™ ions was carried out. The
traditional classification of ions in the electric double layer as
inner-sphere, outer-sphere, and diffuse carries limited to no
significance when studying the zeta potential since this classi-
fication is based on the structural and not dynamic (mobility)
information.>*>°

Fig. 2B (Fig. S12 and S13) shows five unique calcium sites at
the C-S-H surface which are clustered in two categories
depending on their mobility. The mobility categories are estab-
lished due to two distinct mean square displacement (MSD)
values of the Ca®" ions (Fig. S14). Ca®>" ions with high MSD
values are fully mobile (M in Fig. 2B), similar to the traditional
diffuse layer. Ions with low MSD are immobile (I) close to the
surface and are further classified into 4 categories, where
coordination of Ca®* to a particular oxygen is considered if
the distance between them is less than 3.15 A:

e 1(O): Ca** which coordinates to at least one silicate oxygen
(traditional inner-sphere adsorption), but does not coordinate
with an OH™ ion.

e I(OH): Ca®>" which coordinates with an OH™ ion, but not
with a silicate oxygen.

e I(O + OH): Ca*>" which coordinates with a silicate oxygen
and a OH™ ion.

e I(®): Ca®": which coordinates neither with a silicate
oxygen or OH™ ions (traditional outer-sphere adsorption).

The surface concentration of Ca** ions depending on their
mobility is shown in Fig. 2C. At 0 OH ™ ions per nm?, approxi-
mately 20% of Ca®" are mobile and 80% immobile. The charge
contribution from immobile Ca®>" sites equals 4.1 e nm™ 2,
which is less than what is needed to charge balance the
negative surface charge due to deprotonation of silanol groups
(—4.46 e nm™?). This shows that the C-S-H surface at 93%
deprotonation rate is not charge compensated by solely immo-
bile Ca®>" ions. As OH™ per nm” increases, so does the propor-
tion of immobile Ca*" sites.

An interesting feature of the C-S-H surface emerges when
the immobile calcium sites of the OH™ ions per nm? = 0 system
are analyzed. Fig. 2D shows that roughly 50% of Ca®" sites are
I(©®), traditionally considered outer-sphere adsorbed. While
these sites are generally considered more mobile than inner-
sphere adsorbed I(O) sites, they are immobile on the C-S-H
surface. Such immobility of an outer-sphere adsorbed ion is

2682 | Phys. Chem. Chem. Phys., 2026, 28, 2678-2688
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presumably due to the strong affinity of Ca®* to the negatively
charged surface and the geometry of the uneven surface of
C-S-H where silicate chains form open channels on the
surface. In these channels, Ca** with a full H,O hydration
shell can be trapped without coordinating to a silicate oxygen
(Fig. $12).* This shows that an additional mechanism partici-
pates on immobilization of Ca®" at the C-S-H interface to
overcome the negative surface charge.

With an increase in OH™ ions per nm” the proportion of
immobile sites (I) increases while the proportion of mobile (M)
Ca®" decreases (Fig. 2C). With an increase in the surface
concentration of OH™ ions the I(O) site gradually transforms
to I(O + OH). Simultaneously the mobile (M) and immobile
I(©@) sites are immobilized by the surface adsorbed OH ™ ions of
I(O + OH) sites and thus transforming to I(OH) sites. During
this process the immobile ion region (I(O), I(OH), I(O + OH),
I(©®), and OH") close to the surface grows, increasingly over-
compensating the negative surface charge (Fig. 2A and Fig.
S$13), which repels the remaining mobile Ca®>" that are not
immobilized further away from the surface (Fig. 2E). While
doing so, the negatively charged anions (Cl~ in NEMD) occupy
the space between the mobile and immobile calcium regions
and become the ion species with dominant mobility close to the
surface. Therefore, the mobile anions become the primary
source of induced water mobilities which give rise to positive
zeta potentials.”®

As seen in Fig. 2A, the effective surface charge density
increases from —0.36 e nm 2 to 1.01 e nm ™ 2. In all simulations,
the base surface charge density due to deprotonation of surface
silanol groups was kept at —4.46 e nm™ >, Immobile Ca** at the
C-S-H surface (I(O) and I(O + OH) in Fig. 2B) contribute
between 3.06 and 4.03 e nm™ > to the effective surface charge
density, which is less than the charge needed for charge
compensation. Therefore, the remaining positive charge con-
tribution comes from immobile ions that do not coordinate
with the silicate chain of the C-S-H surface. Instead, they
immobilize due to the bridging function of OH™ ions. This
can happen through three different mechanisms:

e An OH  adsorbs and coordinates to an immobile surface
adsorbed Ca*' and later immobilizes a mobile Ca**;

e A calcium hydroxide ion complex (Ca(OH)" or Ca(OH)j )
adsorbs at the C-S-H surface, coordinating with its Ca®>" to an
oxygen of the silicate chains. Its OH™ then immobilizes a
mobile Ca*";

e A calcium hydroxide ion complex is immobilized due to its
OH™ coordinating to an immobile surface adsorbed Ca>".

The majority of Ca>" immobilizes (adsorbs) because of OH™
ions (Fig. S13 and S15) and not because of deprotonated silanol
groups, as assumed in literature.*>** The inspection of the
formed Ca**-OH™ surface networks shows that one OH™ ion
can simultaneously coordinate to up to three Ca®>" ions
(Fig. S13). This underlines the strong influence of an OH™
ion in the immobilization of Ca®', and consequently the
formation of the Ca>*-OH™ surface network.*'" Through this
co-adsorption the experimentally measured high zeta poten-
tial as well as the discrepancy between ICP-measured ion
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concentrations and those predicted by thermodynamic modeling,
which does not include surface complexation, can be explained.

3. Discussion

The increase in OH™ ions per nm” (and the corresponding co-
adsorption of Ca®") of the investigated NEMD systems can be
interpreted as an increase in the Ca/Si ratio of C-S-H.*"!
Experimentally an increase in the Ca/Si ratio of precipitated
C-S-H is achieved with an increase in solution pH due to the
addition of NaOH which implies the role of OH™ on surface
calcium complexation.***® As seen from thermodynamical
modeling (Fig. S8) and the Pourbaix diagram (Fig. $9),%” the
calcium speciation increasingly shifts from Ca®>" to calcium
complexes (Ca(OH)" and Ca(OH), ,q) as the pH increases.

NEMD predicted zeta potentials (Fig. 2A) show a correlation
between the increase in the zeta potential with an increase in
Ca®" and OH ™ co-adsorption, i.e. with an increase in Ca/Si ratio
of C-S-H due to a modified surface structure.”!' One OH ™ ion
can coordinate and immobilize up to three Ca>". This mecha-
nism increases the effective surface charge density (Fig. 2A).
As the effective surface charge density becomes more positive,
by cation immobilization, the anions become the dominant
species of the mobile, diffuse layer of the electric double layer
(Fig. 2E). Due to the applied electric field in zeta potential
measurements, the mobile anions drag the water molecules in
their hydration shells with them in the opposite direction of the
electric field. The movement of these water molecules induces
electrophoretic water mobilities that give rise to positive zeta
potential.>**¢ Therefore, NEMD simulations show that the
coadsorption of Ca®>" and OH™ increases the effective surface
charge density that causes an increase in the concentration of
mobile anions close to the interface (in the electric double
layer), consequently induces higher water mobilities and there-
fore higher measured zeta potentials.

The initially measured negative zeta potential of Yoshida
et al. (Fig. S16) on C-S-H with Ca/Si = 1.34 in 20 mM NaOH
solution (pH 12.3) can be explained as follows.>* To synthesize
a C-S-H sample with such low Ca/Si, a pH of 12 or less is
sufficient.>® At such pH, the calcium speciation strongly favors
calcium as a Ca”* ion over calcium solution complexes (Fig. S8
and S9). Therefore, the negative surface charge density due to
the deprotonation of surface silanol groups is charge compen-
sated by Ca®*. As seen from our NEMD simulation with OH™
ions per nm? = 0, the C-S-H surface cannot immobilize all of
the charge compensating Ca®". Therefore, the charge compen-
sation extends into the mobile layer, which is cation dominated
at these conditions. The cations with their hydration shells
move in the direction of the external electric field, which results
in positive water mobilities that translate to negative zeta
potentials.>® As the initial solution is titrated with a Ca(OH),
solution, the introduction of solution calcium leads to for-
mation of CaOH" and Ca(OH),,, complexes. While mobile
Ca”" cannot approach the surface due to electrostatic repulsion,
NEMD indicates that the hydroxide ion containing calcium
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complexes can overcome the energetic barrier and immobilize
at the surface. While any calcium complex can immobilize
through Ca®" coordination to a deprotonated silanol group,
it can also become immobilized by coordination of its OH™ to
an already immobilized Ca®", also observed on Portlandite
surfaces.*®

Similarly, the increase in the zeta potential with the increase
in Ca/Si of C-S-H in supernatant solution (Fig. 1B) is because of
the increase in the effective surface charge density with increas-
ing Ca/Si ratios. The increase in the Ca/Si ratio of precipitated
C-S-H is achieved through the increase in the solution pH. Due
to an increase in pH, proportionally more calcium complexes
are present during nucleation and growth, which can become
immobilized at the C-S-H surface and increasingly overcom-
pensate the negative surface charge originating from deproto-
nated silanol groups.

The relevance of OH™ ions at the C-S-H interface is also
observed from titration experiments. Reported titration of C-S—
H-NaOH with a Ca(NOj3), solution (Fig. 1C) is analogous to the
CaCl, titration experiment of Yoshida et al.>* In both cases, a
slow increase in zeta potential with the addition of calcium
solution is observed. This increase shows the sensitivity of the
interfacial phenomena to the solution conditions. Titration of
C-S-H-NaOH decreases the pH due to the mildly acidic nature
of Ca(NO3),,*® while titration with Ca(OH), increases it.** The
rapid increase of the zeta potential from Yoshida et al. with the
addition of Ca(OH), can be explained by a higher abundance of
initial and added OH ™ ions,** coupled with a higher proportion
of calcium solution complexes due to higher pH,*” which
preferentially adsorb at the C-S-H surface.

The dispersion of filtered C-S-H samples in a 10 mM NaOH
(pH 12) solution revealed a decrease in the zeta potential in
comparison to the values measured in the supernatant at pH 12
(3.5 mV versus 13.7 mV for Ca/Si = 1.75). Previous studies
suggest competition of Ca>* and Na® ions at the C-S-H
interface.*! It appears that calcium can be removed from the
C-S-H interface in high sodium solution concentrations. Na*
has a hydration radius smaller than that of Ca*>*.*> Therefore,
the surface concentration of immobile (inner-sphere adsorbed)
Na® can theoretically be higher than that of Ca®". However, the
ionic charge of Na* is half of that of Ca>*. Consequently, the
C-S-H interface will always result in lower effective surface
charge densities than can be reached solely by immobilization
of Ca®' ions. Sodium is also not known to form NaOH,q
solution complexes and therefore cannot increase the effective
surface charge through co-adsorption.** Since a lower effective
surface charge density results in more mobile cations at the
interface, the water induced mobilities yield lower zeta poten-
tials, as observed in Fig. 1C.

Some previously published models have considered co-
adsorption of Ca®* and OH™ ions and have successfully cap-
tured the experimentally measured surface properties (interface
electrostatic potential and zeta potential) of low Ca/Si
C-S-H.>*** However, the models went only as far as to consider
the adsorption of Ca(OH)" ions on deprotonated silanol groups.
But to reach Ca/Si ratio of real cementitious systems (>1.5),
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Fig. 3 The increase in the Ca/Si ratio of the C—S—H nanofoil model due to co-adsorption of Ca?" and OH™~ ions. The nanofoil model was constructed
with a mean chain length of 3, full calcium occupancy of vacant interlayer bridging sites, and an additional packing of Ca/dimer = 0.7. This configuration
results in a bulk C—S—H structure with Ca/Sipuk = 1.43.4* Color legend: Si - dark blue, Ca - torques, O - red, H - white. Water molecules are hidden for clarity.

higher degrees of adsorption are necessary.”'" Fig. 3 shows two

nanofoils with an identical bulk structure (Ca/Sipy = 1.43) that
is in agreement with experimentally measured properties.''
When zero calcium adsorption at the (001) surface is considered
this nanofoil has a Ca/Si = 1.33. Considering a calcium adsorption
of 7.2 Ca®>" per nm* (and the corresponding co-adsorption of
OH "), the Ca/Si ratio of the same nanofoil increases to 1.77. Such
degree of calcium adsorption results in a nanofoil structure where
25% of all calcium atoms are found adsorbed (immobile) on the
surfaces and the remaining 75% are located in the bulk structure
(mainlayer and interlayer) of the C-S-H nanofoil. It was previously
theorized that nanolayers of calcium hydroxide could be present
in the C-S-H interlayer.”** However, the layer spacings deter-
mined experimentally appear to be too small for the inclusion of a
large number of Ca>* and OH ™ ions.*'" Therefore, it is more likely
that these experimental observations, that lead to the hypo-
thesis of calcium hydroxide nanolayers being intermixed with
C-S-H, originate from the disordered Ca*>*~OH " surface adsorp-
tion network.

4. Conclusion

In summary, the here demonstrated results from NEMD in
combination with experimentally measured zeta potentials on
C-S-H with high Ca/Si ratios can be summarized as:

e Positive zeta potentials do not originate solely from the
adsorption of Ca®" to the negatively charged silicates of the
C-SH surface.

e The effective surface charge density increases, and
becomes positive, due to co-adsorption of Ca** and OH™ ions
in the form of individual solution species or as calcium
solution complexes (Ca(OH)" and Ca(OH);,aq).

2684 | Phys. Chem. Chem. Phys., 2026, 28, 2678-2688

e The co-adsorption potential of these ionic species appears
tremendous and can be a defying factor for the increase in Ca/
Si ratio of C-S-H due to the formation of a surface complexa-
tion network (Fig. 3).*

Therefore, in real cement paste, where early hydration C-S-H
reaches Ca/Si ratios above 1.7, high positive surface charge
densities are expected. This could help explain why C-S-H initially
grows as ‘low-density’ hydration product (outer C-S-H), and later
as ‘high density’ (inner product).*® While for both C-S-H phases a
nanofoil morphology is observed, the higher porosity and lower
packing density of the former could be partially caused by the
high surface charge densities of the adsorbed surface network of
Ca” and OH™ ions and complexes.*®"” Such structural differ-
ences in C-S-H from the magnitude of the surface charge density
could explain some of the observed difference between ordinary
Portland cement (OPC) and blended cements. OPC’s have high
Ca/Si C-S-H whereas blended cements have lower Ca/Si in the
C-A-S-H phase linked to the Al content.”® C-A-S-H in blended
cements reaches lower Ca/Si ratios and its alumina, incorporated
at vacant Q sites, does not undergo deprotonation, as do silicate
tetrahedra.*® Therefore, the surface charge density of C-A-S-H is
expected to be lower than that of C-S-H. This lower surface charge
density could allow denser formations of the outer product and
thus contribute to the differences of gel-pore sizes in OPC C-S-H
and C-A-S-H in blended cements.”® These differences in pore
sizes and surface charge densities could also be expected to
influence chloride ingress which is again different in OPC and
blended cements.>" With the surface adsorbed network or layer
demonstrated in the current work further simulations of ion
mobility (chloride, sulphate, and others) and interaction distances
between surfaces can now confidently be further explored to
enhance our knowledge of ion transport and formation mechan-
isms of C-S-H and eventually C-A-S-H.
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5. Methods

5.1. Calcium silicate hydrate synthesis

C-S-H samples were synthesized in a segmented flow tubular
reactor (SFTR),>>*® with initial concentrations of reactants
sodium metasilicate, calcium nitrate, and sodium hydroxide
as specified in Table S1. Reactants were pumped into the
reactor at a rate of 10 mL min ', reaction temperatures were
maintained at 20 °C, and the solutions were allowed to mix for
3 h before collection. The total reactant volume was 800 mL.
30-40 g were produced per sample and precipitates were either
filtered or washed with 60 mL of 1:1 pure de-ionized water-
ethanol mixture and filtered. The filtration was carried out via a
vacuum-filtration system on a 200 nm filter paper (Whatman
ME 24/21 STL). To dry, 25 g of a filtered and washed sample
were placed in a —80 °C freezer and afterwards freeze-dried
for an additional 24 h in an Alpha 1-2 LDPlus freeze dryer
operating at —50 °C and 0.01 mbar.

5.2. Acoustophoresis

Zeta potential was measured with electroacoustics by the
AccoustoSizer II supplied by Colloidal Dynamics. The equip-
ment was calibrated with potassium tungosilicate (KSiw).
To prepare samples for acoustophoresis, a suspension was
created by adding 5 g of filtered, wet C-S-H to 155 g of disper-
sion media, either filtered reaction supernatant or 10 mM
NaOH solution. Suspensions were mixed for 15 min with a
magnetic stirrer at 500 rpm, placed in an ultrasonic bath for
15 min, and allowed to mix at 500 rpm for another 15 min as
the sample cooled to room temperature. Zeta potential mea-
surements were taken immediately after the mixing steps. The
measurements were taken in 10 min intervals. Each measure-
ment in the calcium titration experiment (Fig. 1C) was taken
three times, while all other measurements were taken only
once. As seen in Fig. 1C, the standard deviation is negligible.
This is consistent with other zeta potential measurements
made using the same instrument on cementitious systems,
where a standard deviation of around +0.06 mV is expected.’*

5.3. Inductive coupled plasma-optical emission spectroscopy
(ICP-OES)

To prepare C-S-H samples for ICP-OES analysis, 0.013 g of
freshly prepared, wet C-S-H was dissolved in 1 mL of 65%
nitric acid and placed in an ultrasonic bath for 30 min. 9 mL of
0.1 M diluted aqua regia was added to each sample. The
solution was placed in the ultrasonic bath for an additional
15 min and then placed in a 50 °C oven for 24 hours. Desired
dilutions were prepared with decarbonated water. Acidified
precipitate samples exhibited maximum concentrations of Ca,
Si, and Na at 200, 100, and 100 mg L™ ?, respectively.**

To prepare a reaction supernatant sample for ICP, 2 mL of
supernatant was acidified in 3 mL of 65% nitric acid. The
solution was placed in an ultrasonic bath for 30 min. 4-Fold,
10-fold, and 20-fold dilutions were made using decarbonated
water. Acidified supernatant samples exhibited maximum
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concentrations of Ca, Si, and Na at 70, 5, and 2000 mg L™},
respectively.

All diluted samples were stored in 15 mL polypropylene
tubes and sent to Heidelberg Cement for analysis. ICP was
carried out on an ICPE-9000 Shimadzu instrument in optical
emission spectroscopy mode (ICP-OES).

5.4. Thermodynamic modeling

Thermodynamic modeling was done using the Gibbs free
energy minimization software, GEM-Selektor, and PHREEQC
Version 3.°>’ An expanded Cemdata-18 database from Anda-
libi et al. was used including the CSHQ thermodynamic solid
solution model, PSI-Nagra, redox-uncoupled gases from the
PHREEQC database, and NO®*~ & Na* phases from the Lawrence
Livermore National Laboratory (LLNL) database.”®®°

5.5. Molecular dynamics

The atomistic nanofoil model with the (001) basal surface was
constructed with the brick code.”'"*® The lateral x x y size of
the C-S-H nanofoil measured 2.79 x 4.46 nm. In z-axis direc-
tion, the nanofoil measured five mainlayers, four interlayers,
approximately 6.5 nm. Half of the C-S-H nanofoil was placed at
the bottom of the simulation box, while the other half was
placed at the top of the simulation box in z-axis direction. The
two (001) basal surfaces were separated by a 6 nm solution slab.
The two surfaces had an identical structure and distribution of
defects. The structure was constructed as a C-S-H with a mean
chain length of 3, which equals to 75% vacant Q" sites. The Q*"
were randomly removed from the silicate chains and replaced
by Ca*" ions. 93% of surface silanol groups were deprotonated.®®
The negative surface charge was charge balanced by Ca** ions in
the proximity of the surface. The bulk solution was modeled as a
0.156 M CaCl, solution. The solution concentration remained the
same for all studied systems. To account for the effect of Ca®>" and
OH™ co-adsorption at the C-S-H (001) surface, three variations of
the above-described C-S-H nanofoil structure were made as
described in the text and SI. The atomistic nanofoil model with
the (001) basal surface was constructed with the brick code.**"*®
The lateral x x y size of the C-S-H nanofoil measured 2.79 x
4.46 nm. In z-axis direction, the nanofoil measured five main-
layers, four interlayers, approximately 6.5 nm. Half of the C-S-H
nanofoil was placed at the bottom of the simulation box, while the
other half was placed at the top of the simulation box in z-axis
direction. The two (001) basal surfaces were separated by a 6 nm
solution slab. The two surfaces had an identical structure and
distribution of defects. The structure was constructed as a C-S-H
with a mean chain length of 3, which equals to 75% vacant Q2b
sites. The Q*® were randomly removed from the silicate chains
and replaced by Ca®" ions. 93% of surface silanol groups were
deprotonated.®® The negative surface charge was charge balanced
by Ca”" ions in the proximity of the surface. The bulk solution was
modeled as a 0.156 M CacCl, solution. The solution concentration
remained the same for all studied systems. To account for the
effect of Ca”* and OH™ co-adsorption at the C-S-H (001) surface,
three variations of the above-described C-S-H nanofoil structure
were made as described in the text and SI. The atomistic nanofoil
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model with the (001) basal surface was constructed with the brick
code.”*® The lateral x x y size of the C-S-H nanofoil measured
2.79 X 4.46 nm. In z-axis direction, the nanofoil measured five
mainlayers, four interlayers, approximately 6.5 nm. Half of the
C-S-H nanofoil was placed at the bottom of the simulation box,
while the other half was placed at the top of the simulation box in
z-axis direction. The two (001) basal surfaces were separated by a
6 nm solution slab. The two surfaces had an identical structure
and distribution of defects. The structure was constructed as a
C-S-H with a mean chain length of 3, which equals to 75% vacant
Q?® sites. The Q*® were randomly removed from the silicate chains
and replaced by Ca®* ions. 93% of surface silanol groups were
deprotonated.*® The negative surface charge was charge balanced
by Ca** ions in the proximity of the surface. The bulk solution was
modeled as a 0.156 M CaCl, solution. The solution concentration
remained the same for all studied systems. To account for the
effect of Ca>* and OH™ co-adsorption at the C-S-H (001) surface,
three variations of the above-described C-S-H nanofoil structure
were made as described in the text and SI.

The molecular dynamics calculations were carried out with
LAMMPS and the CementFF4 force field with a timestep of
0.28 fs.°1°% First, the simulation box was relaxed in the iso-
thermal-isobaric (NPT) ensemble for 10 ns at 297.15 K and
1 atm with periodic boundary conditions in all axes directions.
Afterward, a fixed wall boundary was placed in z-axis direc-
tion to prevent self-induced polarizability effects,®® and the
atoms of the bottom and top two mainlayers and one interlayer
were frozen. Only the upper half of the C-S-H nanofoil and
solution were allowed to move. The simulation box was then
further relaxed for 50 ns in the canonical (NVT) ensemble at
297.15 K.

The production run was carried out by non-equilibrium
molecular dynamics for 11.2 ns. The simulation box was set
up the same as during the equilibration NVT run. For the
production run, an electric field of 2 x 10° V m™' was
prescribed in the y-axis direction affecting the solution H,O
molecules, Ca®>", CI~ and OH~ ions, and the surface OH™
silanol groups. The simulation was carried out in the NVT
ensemble at 297.15 K, however, the velocities were thermo-
stated only in the x- and z-axis direction. For simulation details,
we refer the reader to the works of Pfedota et al.>>>®

The electroosmotic mobilities of water in the y-axis direction,
u, were averaged over 5.6 ns on the fly during the calculations. The
trajectories were saved every 14 ps and were analyzed with
MDAnalysis and Travis.**™®” MDAnalysis was used to calculate
the mean square displacement of the individual Ca®* and analyze
their first shell environment. Travis was used to generate the
density profiles along z-axis direction. All simulation and post-
processing files are given as part of the SI.
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