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Calcium silicate hydrate (C-S-H) phases mostly contribute to contaminant retention in cement. The adsorption
mechanisms of Ba on C-S-H phases with four different Ca/Si ratios were investigated by batch sorption experi-
ments. The sorption kinetics, the effects of the solid to liquid ratio and the presence of alkalis in solution were
analysed. Sorption isotherms in a wide range of Ba concentrations (from 10−10 to 1 · 10−1 M) were performed.
To understand the underlying retention mechanisms, the effects of Ba adsorption on surface potentials were ad-
ditionally examined. Themain objective of this studywas to develop a sorptionmodel able reproducing not only
the Ba sorption behaviour, but also the C-S-H surface potential before and after Ba uptake. The reactions and
model parameters selected for satisfying these conditions are discussed in the paper. A three-site model, with
weak and strong silanol sites and one exchange site, which satisfactorily fulfils the initial aims, is proposed.
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Keywords:
Calcium silicate hydrate (C-S-H) gels
Radioactive waste
Adsorption
Earth alkaline metals
Alkalis
Thermodynamic modelling
1. Introduction

Cement-basedmaterials arewidely used in radioactivewaste repos-
itories [1–5]. In fact, they have high sorption capacity for many contam-
inants, presenting different highly sorbingminerals; additionally, under
the alkaline conditions generated by cement systems, many contami-
nants become much less soluble and mobile [6].

Calcium silicate hydrate (C-S-H) phases are the most relevant
amongst the cement sorbing components: they represent between the
50 and 70%of thehardened cement paste (HCP), and due to theirmicro-
structure and high surface area (BET N 100m2/g), they control radionu-
clide retention in cements [7–9]. Other important hydration products of
HCP are portlandite (Ca(OH)2); Ettringite (AFt) or AFm phases [10].

The C-S-H phases (also called cement gels) are nano-sized materials
usually amorphous or poorly crystalized andmay have a variable chem-
ical composition xCaO·SiO2·yH2O, with 0.6 b x b 1.8 approximately; the
Ca/Si ratio is responsible of the different physical-chemical characteris-
tics of the phases [11] during different stages of cement aging. The C-S-H
structure is comparable to other more crystalline minerals like
tobermorite or jennite, consisting on Ca-O central layers sandwiched
by tetrahedral silicate layers [11–14]. The silicate chains are arranged
following a pattern repeated every three tetrahedral (dreierkette struc-
ture): two of the three tetrahedra (paired) are linked together and
na), miguel.garcia@ciemat.es
ro), ursula.alonso@ciemat.es
share O-O edges with the central Ca-O; the third one (bridging) shares
an oxygen atom at the pyramidal apex of Ca and connects paired tetra-
hedra. Increasing the Ca/Si ratio, the number of bridging tetrahedra de-
creases (being replaced by Ca ions), thus the C-S-H structure can be
defined as a ‘defect tobermorite structure’ [15,13]. The region between
layers (interlayer) hosts water molecules, calcium and other ions.

Ochs et al. [5] recently reviewed sorption data on cementitious ma-
terial of several elements relevant for radioactive and industrial wastes,
and provided a sorption coefficients database. Sorption values were
linked to various stages of cement degradation, and possible underlying
retention mechanisms were discussed. They considered strontium and
radium as the most relevant divalent elements (M2+) in the contest of
radioactive waste disposals, and summarised the main studies existing
on their sorption behaviour in cementitious materials [7,16–21]. The
scarceness of data on radium retention was especially evidenced: in-
deed, for its long life (approximately 1600 years), 226Ra is a critical ra-
dioisotope from an environmental point of view.

The mechanisms suggested by different authors for the retention
of cations on cement, are different: from the complexation on
deprotonated silanol groups [22], to its binding via cation exchange
by stoichiometric replacement of Ca2+ by M2+ at the surface sites of
C-S-H phases [19–20]. Wieland et al. [21] observed by XAFS studies in
cement that Sr was sorbed mainly on C-S-H phases as partly hydrated
species via two bridging oxygen atoms; however, they interpreted
wet chemistry data using the classical ion exchange theory and
neglecting specific uptake mechanisms.

It is generally agreed that sorption of earth alkaline ions in cementi-
tiousmaterials is strongly influenced by the aqueous Ca (the highest the
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Ca content the lower sorption) and that other ions may also compete
for sorbing sites. Alkalis, as sodium and potassium are of special im-
portance, because their presence is often significant in cement pore-
water and furthermore they were observed to decrease M2+ sorption
on C-S-H phases [15,19–20]. Other studies suggested different interac-
tions of Cs (specific) or Na (indifferent) towards the C-S-H surface
[23–24].

In this study, the sorption behaviour of Ba on C-S-H phases will be
deeply analysed. Four phases with different Ca/Si ratio (from 0.8 to
1.6) will be used and characterized previous to retention tests. The
main objective is to analyze the mechanisms of Ba sorption on these
phases and to develop a sorptionmodel being able simulating: a) Ba re-
tention behaviour within the widest as possible range of tracer con-
centration; b) the possible competition effects on Ba sorption of alkali
ions (Na, K and Cs) and c) to sketch the surface potential behaviour
(trend and magnitude) of the materials before and after Ba adsorption.
This last point is especially relevant to identify specific retention
mechanisms.

To the best of our knowledge, previous studies on retention of Ba on
C-S-H with modelling do not exist. The main advantage of using Ba, to
improve the knowledge of retention mechanisms of alkaline earth ele-
ments in cementitious material (and especially Ra), are multiple. First
of all, Ba and Ra have a very similar ion radius (1.34 Å and 1.43 Å) [25]
and thus similar chemical behaviour. Barium can be used in a very
wide range of concentrations, whereas the use of Ra must be limited
to trace concentrations, for its very high radiotoxicity.

To extend the range of tracer concentration in sorption isotherms is
fundamental to gather information on C-S-H phases sorption sites,
which density is expected to be very large; furthermore the possible ef-
fects on the surface charge or potential, due to the incorporation of the
element, can be detected only at relatively high sorbing element con-
centration (N1 · 10−3 M).

The whole experimental data will be interpreted by modelling and
the advantages or limitation of possible different approaches will be
discussed.
2. Materials and methods

2.1. C-S-H gels preparation and characterisation

Four C-S-H phases with different CaO/SiO2 (Ca/Si) molar ratios were
synthetized. The target Ca/Si ratios were: 0.8, 1, 1.2 and 1.6. Themethod
used for producing the phases was the “direct method”, as described in
several papers [7,9,20].

The preparationwas carried out in an anoxic glove box, under N2 at-
mosphere (O2 b 1 ppm). For their synthesis CaO (Alfa Aesar 99.95% pu-
rity) and SiO2 (Aldrich 99.8% purity, surface area 175–225 m2/g, as
indicated by the supplier) were used. Both solids were weighted to ob-
tain the requested molar Ca/Si ratios and a solid to liquid ratio of 10 or
20 g/L; afterwards they were mixed to 1 L deionised water previously
boiled and bubbled with N2 to minimize the CO2 contamination.

The suspensions were prepared in HDPE dark bottles and main-
tained under stirring to obtain a homogeneous product [26]. Conductiv-
ity and pH were periodically measured until the steady-state was
Table 1
Chemical analyses of the solid or supernatant of the C-S-H phases.

Sample pH Conductivity
(μS/cm)

C
(m

C-S-H (0.8) 10 g/L 10.38 201 44
C-S-H (0.8) 20 g/L 10.36 202 45
C-S-H (1.0) 10 g/L 11.41 926 82
C-S-H (1.2) 10 g/L 12.19 2140 20
C-S-H (1.6) 10 g/L 12.37 6240 60

a After washing.
reached (10–15 days approximately), indicating the completion of the
synthesis process.

Measurements of pH (±0.10) were made using a Mettler
Toledo (S220) pH-meter with a solid polymeric electrode (Xerolyt) or
a Crison pH-ion meter (GLP225) with a combined glass pH electrode
(Metrohm). Electrodes calibration was made with buffer solutions at
pH 2.00, 4.00, 7.00, and 10.00. Conductivity measurements were carried
out with a Crison EC Meter Basic 30+.

The final pH and conductivity of gel suspensions are specific for
each Ca/Si ratio and summarised in Table 1. Sorption experiments and
ζ-potential measurements were carried out directly with these
suspensions.

Upon the formation of the C-S-H phases, an aliquot of 250mL of each
suspension was filtered by 0.1 μm. Part of the supernatant (50 mL) was
used for Ca and Si quantification, and the other fraction stored for its use
for dilutions. Ca and Si in the supernatant were measured by ICP-OES
with a VARIAN 735ES spectrometer. The filtered solid was used for fur-
ther analyses. In some cases, the solid was previously “washed” with
ethanol and deionised water before the measurement.

The C-S-H surface area was measured by N2-BET, their composition
and homogeneity by (micro)proton induced X-ray emission (μPIXE).
μPIXEmeasurementswere carried out at the nuclearmicroprobe facility
at the Laboratori Nazionali di Legnaro (INFN-LNL) in sample area of
2 × 2 mm2.

Atomic force microscopy (AFM), in tapping mode, was used to ana-
lyze their microstructure with a Nanoscope IIIa apparatus (Digital In-
struments). AFM samples were prepared depositing a drop of the
suspensions onto a freshly cleaved mica substrate (after Poly-L-Lysine
coating) and left drying in the anoxic chamber under N2 atmosphere
overnight. AFM image analysis was carried outwith theWSXM4.0 soft-
ware [27].

2.2. C-S-H gels surface charge measurement

The ζ-potential of the C-S-H phases (initial and upon Ba addition)
wasmeasured by means of the laser Doppler electrophoresis technique
using a Malvern Zetamaster apparatus equipped with a 5-mW He-Ne
laser (λ=633 nm, scattering angle 90°). The samples inwhich radioac-
tive tracer was adsorbed, were analysed with a ZetaSizer Nano ZS
(Malvern) (He-Ne laser, λ = 633 nm, scattering angle 173°) available
in the radioactive laboratory. This apparatus allows the measurement
of both particle size and ζ-potential. In all the C-S-H phases, the
suspended particles were observed to form large aggregates with size
N1 μm. In fact, the water in equilibrium with the gels has relatively
high salinity and calcium content, these factors favouring particle
aggregation.

To measure the variation of the surface potential upon Ba addition,
the C-S-H phases were contacted with the tracer during three days
and maintained under stirring. Measurements of ζ-potential were car-
ried out using the original suspensions at 10 g/L, tomimic the conditions
of sorption isotherms, or diluted to 1 g/L, to facilitate ζ-potential mea-
surements. The aggregated particles sediment very fast, making the
measurement difficult.

The ζ-potential was calculated from the measured electrophoretic
mobility using the Smoluchowski equation [28].
a
g/L)

Si ppm
(mg/L)

Ca/Si
(μPIXE)

N2-BET
(m2/g)

75 0.89 ± 0.04 200 ± 3
84 n.d. n.d.
4 1.03 ± 0.04 124 ± 2

4 1.5 1.26 ± 0.15 109 ± 2
0 0.2 1.60 ± 0.11a 73 ± 1
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2.3. Radionuclide and counting techniques

The radionuclide used was 133Ba, supplied by Eckert and Ziegler Iso-
tope Products. Ba comes as BaCl2 in HCl 0.1 Mwith a carrier of stable Ba
(10 μg/mL solution). 133Ba has half-life of 10.51 years; it decays by elec-
tron capture and presents different gamma emissions from 0.03 and
0.4 MeV. Its activity in solution was measured by γ-counting with a
NaI detector (Packard Autogamma COBRA II). The uncertainty for the
counting procedure is b2%. The detection limit is approximately
5 · 10−12 M.

2.4. Sorption tests

Sorption data were obtained using a batch sorption technique.
Experiments with the C-S-H phases were carried out in anoxic glove
box under N2 atmosphere and at room temperature. The C-S-H suspen-
sionswere used as prepared (10 g/L or 20 g/L) or diluted with their own
contact water, previously separated by filtering. The sorption depen-
dence on solid to liquid (S/L) ratio, radionuclide concentration and the
presence of alkalis in solution was analysed, as well as the kinetics of
the sorption process.

The kinetics of the sorption process was investigated first, on the
C-S-H phases with Ca/Si 0.8 and 1, at 10 g/L, to determine the time
required for the attainment of sorption equilibrium. The suspensions
(10 mL), were introduced in centrifuge tubes, traced with 233Ba and
maintained in continuous stirring during the selected contact time
(from 1 h to 30 days). The effect of S/L was analysed with suspensions
of C-S-H (0.8) from 0.45 to 20 g/L and a contact time of 10 days.

The effect of the presence of alkali ions (M+ = Na, K and Cs) on Ba
adsorption was analysed measuring the Ba distribution coefficient
upon the addition of different quantities (from approximately
1 · 10−3 to 5 · 10−2M) of NaCl, KCl or CsCl to the C-S-H (0.8) previously
phase tracedwith Ba. In these tests, the tracer concentrationwas [Ba]=
3.4 · 10−10 M.

After the desired contact time, the solid and liquid phases were sep-
arated by centrifuging (25,000g, 30 min), with a JOUAN MR23i centri-
fuge. After the solid separation, three aliquots of the supernatant were
extracted from each tube for the analysis of the final Ba activity. The
rest of the solution was used to check the final pH.

Sorption isotherms were carried out by varying the radionuclide
concentration from [Ba] = 1 · 10−10 M to [Ba] = 1 · 10−3 M, approxi-
mately, with a S/L of 10 g/L. The highest concentrations were achieved
adding stable Ba in the form of BaCl2. A sorption isotherm with C-S-H
(1) was carried out in a wider range of Ba concentration (up to approx-
imately 0.1 M), to improve the modelling of data at high sorbate con-
centration and to cross-check the information on surface potential
with sorption data. The measurements of the ζ-potential, after Ba addi-
tion, were carried out with Ba concentration from 1 · 10−3 to
5 · 10−2 M approximately.

Solid/supernatant separation procedure was the same as previously
described. The degree of sorption was quantified by the distribution co-
efficient Kd (mL·g−1), defined as the ratio of the mass (activity) of the
element per unitmass of the solid to themass (activity) per unit volume
of the solution. It is calculated with this formula:

Kd ¼ Cin−Cfin

C fin
� V
m

ð1Þ

Cin and Cfin are the initial and final concentrations of Ba in the liquid
phase (Bq·mL−1), m the mass of the gel (g) and V the volume of the
liquid (mL).

Sorption onto vials and ultracentrifuge tubes was checked after
sorption experiments. Sorption of Ba onto these vessels was always
lower than 2% and therefore it was not accounted for in Kd calculations.
2.5. Modelling

The objective of themodelling exercise is to reproduce all the exper-
imental sorption data and to sketch themain charge behaviour of C-S-H
phases experimentally observed before and after Ba adsorption.

The existence of silanol groups (SiOH) on the C-S-H surface is usually
assumed [9,29–31] and the sorption of inorganic species on silanol sur-
face groups can be described in terms of surface complexation reactions.

The classical diffuse double layer model (DLM) [32–33], is generally
applied to describe the surface of oxides and their complexation
with ionic species, and it can be also used with other materials, includ-
ing C-S-H gels.

In the diffuse DLM, the surface charge density (σ, C/m2), is deter-
mined by all the surface coordination reaction with cations and/or an-
ions and the distribution of ions in the diffuse layer follows the Gouy-
Chapman equation. The relation between the surface charge and the
surface potential (Ψ) is given by the following relation:

σ ¼ 8RTεε0c � 103
� �1=2

sinh ZΨF=2RTð Þ ð2Þ

R is themolar gas constant, T the absolute temperature, ε the dielec-
tric constant of water, Z the valence of the electrolyte, F the Faraday
constant, ε0 the vacuum permittivity and c the molar electrolyte con-
centration. The values of potentials, were calculated from this relation
using the geochemical CHESS v 2.4 code [34–35].

Under alkaline conditions, silanol groups are deprotonated accord-
ing to this reaction:

SiOH⇔
K1

SiO− þHþ ð3Þ

The intrinsic equilibrium constant of this reaction is K1, being the
mass law equation corresponding to the reaction (3):

K1 ¼ SiO−ð Þ Hþ� �
SiOHð Þ exp −

Fψ
RT

� �
ð4Þ

where {} represent the ion the activity and () ion concentration. The ac-
tivity coefficients for the surface species are assumed to be 1. The expo-
nential represents the coulombic term accounting for the electrostatic
effects [33].

The experimental determination of the potential (Ψ) is not straight-
forward. Nevertheless, an estimation of this potential can be done
through the experimental measurement of the electrokinetic or zeta
(ζ)-potential. Even ζ-potential values (which refer to the potential at
the shear-plane), do not provide direct measurement ofΨ (which refers
to the diffuse layer plane, or distance of closest approach for background
electrolyte ions), they approximate well when potentials are low [28].
Furthermore ζ-potential is very useful to obtain information on the
sign of the surface charge and/or points of zero charge (PZC), under dif-
ferent conditions.

In the literature dealing with the description of the surface of C-S-H
phases, there is not a common agreement on the acid-base properties of
silanol groups and a large variability on reported K1 (Eq. (4)) exists. For
example, Heat et al. [36] considered a pK1 value of 6.8; Viallis and
Terrise [23] of 12.3; Pointeau et al. [9,29] of 12. Labbez et al. [30] used
the value of the first dissociation constant of the silicic acid (9.8).
Churacov et al. [37] obtained the surface acidity constants of silanol
groups in C-S-H by ab-initio calculations. They considered four different
possible structural positions for these groups in C-S-H and obtained four
different pK1 varying from 5.52 to 11.87. Therefore, a common agree-
ment on the properties of silanols in C-S-H does not exist.

In this work, the pK1 value reported in the literature for the silanol
groups of the amorphous silica (6.8 ± 0.5) [38–39] will be used. Amor-
phous silica is indeed the main precursor of C-S-H phases. The parame-
ters that will be used for the modelling are summarised in Table 2.



Table 2
Reactions and parameters used for sorption modelling.

Description Reaction LogK
(value and reference)

Density
(value and reference)

Silanol
(weak site)

SiOH ⇔ SiO− + H+ 6.80 ± 0.5 Papirer (2000) 13 μmol/m2 This work

Silanol
(strong site)

SisOH ⇔ SisO− + H+ 6.80 ± 0.5 Papirer (2000) 0.0035 μmol/m2 This work

Exchange site X2Ca 2 μmol/m2 This work
Complexation of Ca
(CSH charge)

SiO− + Ca2+ ⇔ SiOCa+ −4.12 Calculated
This work

Description Reaction LogK Reference

Ba adsorption
Complexation of Ba on weak sites SiO− + Ba2+ ⇔ SiOBa+ −4.5 This work
Complexation of Ba on strong sites SisO− + Ba2+ ⇔ SisOBa+ −0.3 This work
Ba exchange X2Ca + Ba2+ ⇔ X2Ba + Ca2+ 1.3 This work

Description Reaction LogK Reference

Na Cs K

Alkali adsorption on C-S-H (0.8)
Complexation of M+ on weak sites SiO− + M+ ⇔ SiOM −5.50 −5.40 −5.40 This work
Complexation of M+ on strong sites SisO− + M+ ⇔ SisOM −5.00 −1.75 −1.60 This work
M+ exchange X2Ca + 2 M+ ⇔ 2XM + Ca2+ 0.37 0.27 0.37 This work
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In the DLM approximation, the complexation of the ion Mz+ with
silanol sites is expressed by the reaction:

SiOHþMzþ ⇔
KC;M

SiOMz−1 þHþ ð5Þ

with the intrinsic equilibrium KC,M (complexation constant of M):

KC;M ¼
SiOMz−1

� �
Hþ� �

SiOHð Þ Mzþ� � exp −
Fψ
RT

� �
ð6Þ

As alreadymentioned in the introduction,manyauthors consider the
possibility that (divalent) cations can also replace Ca2+ in C-S-H phases
structure (or that of their homologues like tobermorite [40–41]), con-
ferring to these materials ion-exchange properties.

In previous works [7,20] the retention of divalent strontium and ra-
dium on C-S-H phaseswas described considering a single site cation ex-
change model where M2+ exchange with Ca2+ present at the C-S-H
surface according to this reaction [7]:

X2CaþM2þ↔X2Mþ Ca2þ ð7Þ

The selectivity coefficient for this reaction is defined by:

CaKC ¼ NM2þ

NCa

Ca2þ
h i

M2þ
h i ð8Þ

where NM
2+ represents the equivalent fractional occupancy of the ion

M2+, which can be expressed by NM2þ ¼ 2�fM2þg
CEC , where {M2+} is the

amount of divalent cation adsorbed (mol/Kg) and CEC is the cation ex-
change capacity of the material (eq/Kg). The relation between the Kd

of Ba (if sorption is attributed to cationic exchange) and the Ba-Ca selec-
tivity coefficient is given by:

Kd ¼ 0:5 � CEC�Ba
CaKc

Ca2þ
h i

The density of surface sites (or CEC for ionic exchange) is another
very important parameter for themodelling. For amorphous silica or sil-
ica gels the reported surface density ranges from 4.5 to 25 sites/nm2
[42–43]. For C-S-H, values reported in the literature range between ap-
proximately 5 and 10 sites/nm2 [7,9,30].

These gels possess a very high density of surface sites, but experi-
mental studies for determining this parameter are scarce and some dis-
cordance of literature data is also found. An attempt to better estimate
the density of sorption sites in our C-S-H phases was done, by the anal-
yses of the sorption isotherm with high Ba concentration trying to evi-
dence the saturation of sorption sites.

Different models will be tested trying to reproduce the adsorption
behaviour in the different C-S-H phases and their surface charge upon
adsorption.Modelling calculationswere aided by CHESS v 2.4 code [34].

3. Results and discussion

3.1. Solid characterisation

The BET area of the samples was measured by N2 adsorption: the
mean N2-BET value measured for C-S-H phases with Ca/Si 0.8, 1 and
1.2 was 144 ± 40 m2/g, very similar to that proposed by Tits et al. [7],
148m2/g, but the valuemeasured in the C-H-S (1.6) was approximately
halved (73 m2/g). This was the first indication that some process, that
may affect sorption, is occurring as the Ca/Si increases beyond a certain
value. Surface area measurements were repeated after washing the
solids with water-ethanol. The mean N2-BET value for the first three
phases did not change significantly, but the surface area of the washed
C-S-H (1.6) increased up to 144m2/g. This means that some other solu-
ble mineral with much lower surface area may be present in this gel
suspension.

μPIXE measurements of the Ca/Si ratio of C-S-H phases with Ca/Si
ratio of 0.8, 1 and 1.2were verywell in agreementwith the target values
(Table 1) and, in these samples, Ca and Si were distributed fairly homo-
geneously. On the other hand, the element distributionmaps of the C-S-
H (1.6) showed regions of clear Ca excess (Ca/Si N 2), possibly indicating
the precipitation of a Ca-bearing mineral, most probably portlandite,
formedduring the synthesis of the gel [23]. Other studies [12,15] report-
ed the difficulty of synthetizing C-S-H phases with Ca/Si N 1.5 without
portlandite (co)precipitation and this obviously may affect the overall
sorption properties of the material.

μPIXE measurements of the C-S-H (1.6) were also repeated with
thewashed sample. In this case, Ca and Si were more uniformly distrib-
uted and their ratio was in agreement with the theoretically expected
(Table 1).
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The morphology of the gel particles was analysed by AFM. Fig. 1
shows the AFM images of the SiO2 used for the gels preparation
(Fig. 1a) and of the C-S-H phases with Ca/Si of 0.8; 1.2 and 1.6 (Fig. 1b,
c and d, respectively). The mean particle size of the SiO2 is lower than
50 nm.

The microstructure of the C-S-H gels, as observed by AFM, is similar
for phases with Ca/Si b 1.2. Large aggregated of particles in the
nanometre range (50–200) sometimes with a piled-up structure are al-
ways observed. For the C-S-H (1.6) phase (Fig. 1d) different structures,
more ordered (and somewhat denser) are also superimposed. AFM
analysis of C-S-H (1.6) seem also indicating the presence of larger crys-
tals, covered by smaller particles. These observations are in agreement
with the measured decrease of the BET area for the C-S-H (1.6) phase
and also with the possible precipitation of Ca-bearing minerals.

3.2. Sorption tests

The results of sorption tests as a function of time and solid to liquid
ratio are shown in Fig. 2. The sorption equilibrium is reached approxi-
mately in 3 days (Fig. 2a), which was considered the minimum contact
time needed for further sorption experiments. A slight sorption increase
is observed as the solid to liquid ratio increases (Fig. 2b), but the varia-
tion is within the experimental error, thus the effect of this parameter
within the range of gel concentration from 0.45 to 20 g/L is negligible.
The solid to liquid ratio selected for further experiments was 10 g/L.

Fig. 3 shows Ba sorption isotherms, on the four C-S-H phases, obtain-
ed varying Ba concentration from approximately 1 · 10−10 to
1 · 10−3 M. Data are expressed both as logarithm of the distribution
coefficient vs. logarithm of aqueous Ba at the equilibrium (Baeq, M), in
Fig. 3a, and as logarithm of the adsorbed Ba (Baads, Mol/g) vs. logarithm
of Baeq, in Fig. 3b.

First of all, sorption is linear up to initial Ba concentrations of approx-
imately 10−6 M ([Baeq] ~ 10−8 M), then a decrease in distribution coef-
ficients is observed. Furthermore, sorption decreases when the Ca/Si
ratio of the gels increases, i.e. with the increase of the aqueous Ca in so-
lution (Table 1). This result is in agreementwith data previously report-
ed by other authors for divalent cations [7,20,22] and points out the
important role that Ca plays on alkali metals retention in these
materials.
Fig. 1. AFM pictures of: (a) SiO2 used for the gels preparation; (b) C-S-H (0.8); (c) C-S-H
(1.2) and (d) C-S-H (1.6).
The dependence of the LogKd (from the mean values of the linear
zone at low Ba loadings, from Fig. 3a) on the logarithm of the aqueous
Ca concentration is shown in Fig. 4. This dependence is linear (with
the slope of −0.9) for the C-S-H phases with Ca/Si of 0.8, 1 and 1.2. In
principle, this observed dependence could be related to Ca-Ba cationic
exchange process (2:2) and indicates that sorptionmechanismaffecting
Ba retention are similar in these phases. In contrast, the behaviour of the
C-S-H (1.6) deviates from that of the other phases showing less sorption
capacity. This can be in agreement with the presence of portlandite in
the suspension, as suggested by the previous result (BET and μPIXE),
which is a less sorbing mineral than C-S-H.

Tits et al. [20] also observed that the calculated Sr-Ca selectivity co-
efficient in the C-S-H (1.6) was significantly smaller than the one of
phases with lower Ca/Si and they concluded that formation of
portlandite may have occurred, causing artefacts in sorption
measurements.

3.3. Modelling and interpretation of sorption and ζ-potential data

The sorption model to be developed must take into account the
sorption behaviour in the all range of Ba concentration (including the
dependence on aqueous Ca) and be able reproducing, at least grosso
modo, the charge behaviour of the untreated C-S-H phases and after
Ba adsorption. Fig. 5 shows the ζ-potential measured on the four C-S-
H phases without any treatment (Fig. 5a) and after the addition of Ba
(Fig. 5b).

The ζ-potential of the untreated phases is plotted as a function of the
aqueous Ca; as already mentioned, the increase in the Ca/Si ratio leads
to an increase of the aqueous Ca in the supernatant (Table 1). The ζ-po-
tential increases as the Ca/Si ratio (or aqueous Ca) increases, and the
sign of the potential changes from negative to positive at a concentra-
tion of Ca of approximately 110–130 ppm (approx. 3 mM). The magni-
tude of the measured ζ-potential is not very large (between −15 and
15 mV approximately), but its variation is clear.

This behaviour has been already observed by other authors [23,44]
and it can be interpreted considering that Ca is a potential determining
ion of the C-S-H phases and that the surface charge arises by the balance
of silanol deprotonation (Eq. (3), SiO−) and Ca complexation onto the
silanols (Eq. (5), SiOCa+). Other authors [30,45] rejected the hypothesis
of specific adsorption of Ca on the C-S-H phases and consider that the
charge is due to physical (electrostatic) interactions and not to chemical
adsorption.

However, if the charge of the C-S-H phases is produced by the ad-
sorption of the ion Ca (as potential determining ion) the point in
which the charge (or surface potential) is zero is determined by the con-
dition (SiO−)= (SiOCa+), i.e. when the concentration of surface species
negatively charged is equal to the concentration of positively charged
species. Considering Eqs. (4) and (6) this condition is verified when
K1/KC,Ca is equal to the activity of Ca2+ at the PCZ (2.1 · 10−3 M). There-
fore, if logK1 = 6.8 (Table 2), LogKC,Ca must be−4.12.

The measured ζ-potentials were compared to the diffuse potential
calculated by DLM (Eq. (2)) (valid approximation as (|ζ |b15 mV). The
diffuse potential calculated using the abovementioned constants for
logK1 and LogKC,Ca (Table 2), and fixing the experimental pH and Ca
concentrations (Table 1) is represented in Fig. 2 as a star, for each C-S-
H phase. As can be seen in Fig. 2, the calculated potentials agree quite
well with the measured ζ-potential, and also with the hypothesis that
the surface charge arises by the specific adsorption of the ion Ca2+.

Fig. 5b shows the ζ-potential of the four C-S-H phases upon the ad-
dition of increasing quantities of Ba. It can be seen that the interaction
of Ba with the C-S-H phases causes a progressive increase of the ζ-po-
tential: from −15 to 0.5 mV in C-S-H (0.8); from −5 to 13 mV in C-S-
H (1); from 5 to 18 mV in C-S-H (1.2) and from 11 to 22 mV in C-S-H
(1.6). Thus, Ba retention in C-S-H gels causes an increment of the overall
positive charge of the system; this result will be accounted for in the
model and will help clarifying which type of mechanism might be



Fig. 2. (a) Ba sorption kinetics on ( ) C-S-H (0.8) and ( ) C-S-H (1) at 10 g/L and (b) Sorption dependence on the solid to liquid ratio with ( ) C-S-H (0.8). [Ba] = 3.4 · 10−10 M.
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involved in Ba retention. Again, even after Ba adsorption, absolute
values of the ζ-potentials are not very high, with a maximummeasured
value of about 20 mV.

To support the development of the sorption model, a sorption iso-
therm reaching very high Ba concentration (0.1 M) was carried out
with C-S-H (1). This will also help interpreting the data of ζ-potential
upon Ba adsorption (Fig. 5a).

This full sorption isotherm is plotted in Fig. 6a. Different possible
sorptionmodels were tested on these data and evaluated taking into ac-
count also the corresponding calculated surface potential (which was
compared to the experimental ζ-potential).
Fig. 3. (a) Ba sorption isotherms on ( ) C-S-H (0.8); ( ) C-S-H (1); ( ) C-S-H (1.2) and
( ) C-S-H (1.6) at 10 g/L; ( ) C-S-H (0.8) at 20 g/L. Contact time 10 days. The
continuous lines correspond to data fit with the parameters of Table 2.
Tits et al. [7,19,20] modelled the sorption data of Sr and Ra on C-S-H
phases considering cationic exchangewith Ca, and using a single site ex-
change model. Their C-S-H phases had a BET area of 148 m2/g and they
considered 5 sites/nm2 as site density (approx. 8.0 μmol/m2). The loga-
rithm of the selectivity coefficient they obtained for Sr and Ra was 0.08
and 0.78, respectively.

Considering this approximation (Eq. (7)),with the same BET and site
density proposed by Tits, the best fit of our experimental data, was ob-
tained with a logarithm of the selectivity coefficient of 1.05 (similar to
that reported by Tits (2006) for Ra), the best fit is plotted in Fig. 5a
with magenta stars.

It can be seen that this one site exchange model, reproduces fairly
well the experimental sorption data at the lowest and highest Ba con-
centrations, but clearly over-predicts our sorption data in the interme-
diate range of Ba concentration. The comparison between model and
experimental data therefore suggests that more than one sorption site
probably exists and that the density of sites used is slightly lower than
the real one (as the slope of experimental data at the highest Ba loadings
is lower than the simulated one).

Besides, the adsorption of Ba exclusively by ionic exchange will not
produce any change of the charge (or potential) of the C-S-H surface,
as shown in Fig. 6b. Thus, this last result is not in agreementwith the ex-
perimental ζ-potential data of Fig. 5b, where a clear increment of the
positive charge was observed upon Ba adsorption (and even charge in-
version at the highest Ba loadings, in some C-S-H phases), so that other
mechanism(s) must be accounted for.

To explain Ba retention on the C-S-H phases, surface complexation
on silanol sites will be then considered. As alkaline earth ion, it is not
Fig. 4. Dependence of Ba distribution coefficients on the aqueous Ca content in the
different C-S-H phases.

Unlabelled image


Fig. 5. (a) ζ-potential measured on the untreated C-S-H suspensions (10 g/L) as a function
of their aqueous Ca content. The stars correspond to the surface potential calculated by the
DLMwith the data of Table 2. (b) ζ-potential measured on the different C-S-H phases as a
function of the Ba content (after 3 daysBa/C-S-H contact time). The lines correspond to the
potential calculated with the DLM.

Fig. 6. (a) Sorption isotherms of Ba on C-S-H (1) and tentative modelling approaches of
sorption data. (b) Surface potential as a function of the Ba content calculated
considering the different modelling approaches. The grey box indicates the range of
experimental ζ-potential values.
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unlikely that Ba behaves similarly as Ca, thus it adsorption on the CSH
phases should be expressed (at least partly) by the reaction:

SiOHþ Ba2þ ⇔
KC;Ba

SiOMþ þHþ ð5bÞ

Considering Eq. (5b) (only one sorption site) and the same site den-
sity as that used in the firstmodelling attempt (5 sites/nm2), the best fit
of the data was obtained with the value of logKC,Ba of−3.05. This simu-
lation is plotted in Fig. 6a as blue crosses. This simulation is completely
equivalent (it is, in fact, superimposed) to the previous one and thus,
also in this case, it is clear that one site is not enough to perfectly repro-
duce the experimental data, especially in the intermediate range of Ba
concentrations, and that the surface density is slightly higher than that
adopted for the modelling.

At the highest Ba concentrations, the simulation may be improved
fixing the surface density for the silanols to a value of approximately
7.83 sites/nm2 (13 μmol/m2), which is in the range of those reported
in the literature, as previously discussed.

Indeed, the complexation of Bawith silanols (Eq. (5b))would lead to
an increment of the surface potential (see the calculation in Fig. 6b), as
observed experimentally. However, themagnitude of the calculated po-
tential, at the highest Ba loadings, is significantly higher (60 mV) than
the measured ζ-potential (around 15 mV), thus some additional varia-
tions in the model are needed.
To improve the agreement between the experimental ζ-potential
data and the calculated ones, the logKC,Bamust be decreased. Reiterative
calculations to fit both the surface potential and sorption data at the
highest Ba loadings were performed to fix the logKC,Ba of reaction (5b).

A reasonable good fit of the experimental ζ-potential data could be
obtained with values of logKC,Ba between −4 and −5. For C-S-H (0.8)
logKC,Ba = −5; for C-S-H (1) logKC,Ba = −4.45 and for C-S-H (1.2)
and C-S-H (1.6) logKC,Ba =−4.3. The continuous lines in Fig. 5b repre-
sent the calculated surface potential, using these values.

The mean value of logKC,Ba =−4.5 was fixed for further simulation
of sorption data. It is interesting noticing that this value is only slightly
lower than that determined for Ca (−4.12), suggesting similar behav-
iour of both alkaline earth elements.

In order to adequately fit the experimental data of the isotherm
(Fig. 6a) and to find an agreement with ζ-potential data of Fig. 5b, two
additional sorption sites were needed. The selected option was to in-
clude a strong silanol site (SsOH) to reproduce the first bending of the
isotherm (marked with an arrow in Fig. 6a). The selection of the com-
plexationmechanism for Ba on this sitemight be arbitrary as the overall
charge of the system is not varied, due to the low site concentration
(0.0035 μmol/m2). Additionally, the addition of a third sorption site
with a density of 2 μmol/m2, was required to fit completely the data.

From a puremodelling point of view, the selection of ionic exchange
or surface complexation, as a sorptionmechanism for the third sorption

Image of Fig. 5
Image of Fig. 6


Fig. 7. Effect of the presence of the alkalis ( ) Na, ( ) Cs and ( ) K on the distribution
coefficient of Ba in C-S-H (0.8). Continuous lines correspond to the simulation of the
curve with the parameters of Table 2. [Ba] = 3.3 · 10−10 M.
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site, results in equivalently acceptable fits of adsorption data, but not of
ζ-potential data. Thewhole of datawas better fit assuming that sorption
on the third site occurs by ionic exchange.

The coexistence of both surface complexation and ionic exchange is
not surprising, taking into account the structure of these phases, which
present some analogies with clays (layered structure, presence of
silanols).

The cation exchange with the ion Ca, hypothesized by the present
model, can take place within the interlayer or in the external surface
of the C-S-H particles. On the other hand, different environments for sil-
ica were reported in the literature (up to four in 29Si NMR spectroscopy
[46]), depending on their position in the silicate chain: for example in
paired or bridging tetrahedra, at end of chains or in structural defects.
Consequently different environments for silanols can be also assumed
[15,37,46].

Yet, only two different silanol-like siteswhere enough to simulate Ba
sorption data. Thus, it seems that independently of their position in C-S-
Hmicrostructure, most of them show similar sorption selectivity for Ba;
only a very small portion (b0.3‰) presents much higher selectivity. Be-
cause of their very low density, it is very difficult to determine experi-
mentally the location of these highly selective sorption sites.

The complete three-site model is plotted in Fig. 6a, as a continuous
line, and the contribution to sorption of each site is also indicated. As
mentioned, for the “weak” silanol sites logKC,Ba=−4.5; for the “strong”
silanol sites logKC,Ba(strong) =−0.3; and for the exchange mechanism a
selectivity coefficient of 1.3.

The calculated potential for C-S-H (1) obtained with this model as a
function of Ba concentration is shown in Fig. 6b and compared with
other modelling approaches; it agrees well (both in magnitude and
trend) with the experimental ζ-potential data. Furthermore, Fig. 5b
shows that this approach is valid also for all the other C-S-H phases.

The selected parameters for the final Ba sorption model are
summarised in Table 2. With this model, all the isotherms presented
in Fig. 3(a, b) were also simulated, and the continuous lines correspond
to the fit for each phase. As can be seen, the model is able to reproduce
very well the sorption data for the phases with Ca/Si ratio 0.8, 1 and 1.2
and slightly over-predicts sorption for the C-S-H (1.6). This phase,
which presents significantly less surface area than the others, behaves
as it had 65% less sorption sites (this value being calculated normalizing
sorption values to the mean N2-BET area of the other phases).

3.4. Ba sorption in the presence of alkalis

Finally, the effect of the presence of alkali ions (M+ =Na, K and Cs)
on Ba adsorption was analysed by measuring the Ba distribution coeffi-
cients upon the addition of different quantity of NaCl, KCl or CsCl. The
experimental results are shown in Fig. 7.

Results show that at low alkali concentration, the competition ef-
fects are scarce as the decrease in distribution coefficient is limited
(even not negligible). However, the presence of M+ in solution at rela-
tively high concentrations clearly decreases the sorption of Ba. At a con-
centration of approximately [M+] = 5 · 10−2 M the logKd of Ba, which
is 3.8 in the absence of alkali, decreased to 3, 2.9 and 2.7 in the presence
of Na, Cs and K respectively. Thus, the most competitive ion for Ba ad-
sorption in C-S-H is K, followed by Cs and Na.

In previous studies [15,23–24] it was reported that Cs and Na may
have different interactions with the C-S-H surfaces: the first interacting
specifically, the second behaving as an indifferent electrolyte. However,
considering the shape of Ba adsorption curves, the effect produced by
the different alkalis on Ba adsorption seem to be similar (or produced
by similar retention mechanisms); the main difference consists on the
magnitude of the competition effect, related to the different affinity of
the metals with the C-S-H surface.

To explain Ba sorption behaviour as a function of theM+ concentra-
tion, as observed in Fig. 7, a three sites model (similar to that proposed
in this study for Ba) was adopted, thus considering both surface
complexation and ionic exchange as mechanisms responsible for alkali
retention in C-S-H gels.

The complexation reactions of alkalis with silanol groups (weak and
strong) are expressed by:

SiOHþMþ ⇔
KC;M

SiOMþHþ ð5cÞ

and for ionic exchange:

X2Caþ 2Mþ↔2XMþ Ca2þ ð9Þ

The proposed logK obtained by fit for the respective reactions, for
M+ adsorption in C-S-H (0.8), are reported in Table 2.

Including these reactions to the sorption model, the experimental
data of Ba sorption in the presence of M+, could be simulated (continu-
ous line in Fig. 7). In the absence of additional and more detailed sorp-
tion data of the alkali on all the C-S-H phases, it is impossible to assert
that these parameters are exact or unique but, at this stage, they can
be used operationally to analyzemore in depth Ba adsorption processes
on C-S-H phases or in HCP under more complex chemical conditions.

4. Conclusions

The adsorption of Ba on C-S-H phases has been experimentally
analysed using four gels at different Ca/Si ratio (from 0.8 to 1.6). Sorp-
tion of Ba clearly depends on the Ca/Si ratio and decreases when the
ratio increases.

A sorption model accounting for both Ba retention behaviour and
the changes observed in surface charge upon its adsorption at high con-
centrations has been developed. The model includes surface complexa-
tion of Ba on two silanol-like sites (weak and strong sites) and ion
exchangewith Ca on a third site. The trend andmagnitude of the surface
potential derived by sorption, agrees satisfactorily with experimental ζ-
potentials in all the cases. This could not be attained considering 1 site
(either cationic exchange or surface complexation) model.

The model reproduces very well the adsorption of Ba in the three
phases with the lower Ca/Si, and slightly over-predicts adsorption in
C-S-H (1.6). The phase with the highest Ca/Si ratio shows the lowest
N2-BET and shows 65% less sorption capacity. This can be explained sup-
posing that structural modifications occur in the C-S-H gels, as Ca con-
tent increases, which reduce the number of accessible sorption sites
(for example for increase of the mean particle grain size or for particle
compaction), but also assuming that portlandite has been formed
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during the preparation of the C-S-H phases. Portlandite, in fact, does not
sorb Ba significantly.

Sorption of Ba on C-S-H is affected by the presence of alkalis at rela-
tively high concentrations. The decrease of the distribution coefficient
for Ba on at trace concentration is quantifiable when the alkalis concen-
tration is above 1 · 10−3 M. The most competitive ion to Ba adsorption
is potassium and the less competitive is sodium. This competition could
be accounted for including the respective sorption reactions for the al-
kalis in the C-S-H gels with the proposed three sites model.
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