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ABSTRACT

In this study, we investigated well-hydrated cement pastes containing dolomite and metakaolin
cured at 38 °C or 60 °C, which were exposed to NaCl or CaCl; solutions of various concentrations.
We determined the chloride-binding capacity, the phase assemblage and the composition of
hydration phases formed. The dolomite reaction led to the formation of hydrotalcite, which
contributed considerably to the chloride binding of the pastes. When the samples were exposed
to CaCly, significantly more chlorides were bound in the hydrotalcite than when the samples were
exposed to NaCl. It was shown that hydrotalcite contained a similar amount of chloride per mol
compared to Friedel’s salt when exposed to CaCl,. By mass balance calculations, it was shown that
the hydrotalcite formed in the samples containing dolomite can contribute to the chloride binding
of the cement pastes to a similar extent as the Friedel’s salt formed in the samples containing

limestone.
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1 INTRODUCTION

One of the main deterioration mechanisms for reinforced concrete structures is steel
reinforcement corrosion. Reinforcement steel in sound concrete is passivated, i.e. does not
corrode, due to the high pH of the concrete pore solution. However, in the presence of a sufficient
level of chlorides, the steel is de-passivated and corrosion can occur. During the exposure to e.g.
sea water or de-icing salts, chlorides ingress through the concrete cover towards the steel. Some
chlorides will be free in the pore solution and some will interact with the hydrates in cement paste.
In order to estimate the service life of reinforced concrete structures exposed to chlorides, we

need to understand the interaction between concrete and chlorides.

Due to the increasing demand for cements and the need to reduce CO; emissions during
production, new composite cements containing supplementary cementitious materials (SCMs)
are being developed. In order to use these cements in reinforced concrete structures exposed to
harsh environments such as marine exposure, there is a need to understand how these new
binders interact with chlorides. In this study, we used dolomite and a combination of dolomite
and metakaolin as SCMs to replace 40%wt of a Portland cement. We investigated the chloride-

binding capacity of the hydrate phase assemblage for these new cements.

In an ordinary Portland cement, chloride ions have been reported to be physically adsorbed on
the C-S-H phase or chemically bound by the formation of chloride-containing AFm phases, e.g.
Friedel’s salt (3Ca0-Al,03-CaCl;-10H20). The use of SCMs can change the phase assemblage of the
hydrated cement paste and thereby its chloride-binding capacity [1].

The addition of metakaolin has been shown to improve the chloride-binding capacity of cement
paste. This has been explained with reference to the additional alumina provided by the reaction
of metakaolin, which results in the formation of additional Friedel’s salt [2,3]. Similar results have
been reported for other alumina-delivering SCMs, such as fly ash or ground granulated blast-
furnace slags (GGBFS) [1,4-7]. Moreover, the reaction of metakaolin results in the formation of

additional C-S-H, which may adsorb additional chlorides [8].

The addition of dolomite has been shown, depending on curing temperature, curing time, and
metakaolin content, to result in the formation of significant amounts of a hydrotalcite-like phase
(in the following referred to simply as hydrotalcite) [9,10]. Hydrotalcite is a mineral in the group
of layered double hydroxides (LDHs) containing magnesium and aluminium, with the general
formula [Me2*;«Me3+,(OH)2]** [Am]y/m'nH20. Its crystal structure can be derived from that of

brucite. The main layer consists of metals (here abbreviated with Me), specifically magnesium
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(Me2+) and aluminium (Me3+) hydroxide octahedra. The substitution of aluminium for magnesium
in the main layer charges this layer positively. To maintain electrical neutrality, the interlayer
incorporates monovalent or divalent anions (here abbreviated with A) , such as OH-, CI, CO32- or

SO42-,

Several authors observed considerable chloride binding of hydrotalcite, either synthesized as a
pure phase [11-13] or formed in GGBFS cement pastes [14,15]. We will investigate chloride
binding of hydrotalcite originating from dolomite reaction in composite cements. In this system,
the composition of the hydrotalcite differs from the before named studies both by the presence of
carbonates or by the Mg/Al ratio of the hydrotalcite. Both factors influence the chloride-binding

capacity of hydrotalcite.

Divalent ions, like CO32- are more easily incorporated than monovalent ions, like Cl- [11,12], so
CO3% ions are seldom exchanged with chloride ions in synthesized hydrotalcite-like phases, and

the presence of carbonate ions consequently reduces the chloride-binding capacity [12,13].

A higher degree of aluminium substitution in the main layer, leading to a lower Mg/Al ratio of the
hydrotalcite, increases the positive charge of the main layer. Because the interlayer seeks
electrical neutrality, more anions, e.g. chlorides, are incorporated in the interlayer of hydrotalcite
with a lower Mg/Al ratio [16]. The reduction of the Mg/Al ratio of the hydrotalcite can be caused
by the presence of an aluminium-delivering SCM [10,17,18].

Moreover, it was reported that chlorides are also physically adsorbed on the surface of

hydrotalcite adsorption [13,15].

The chloride-binding capacity of cements depends strongly on the cation associated with the
chloride anion. Several authors have reported significantly greater chloride binding when
samples were exposed to solutions of CaCl; or MgCl, rather than NaCl [1,3,19-23]. This difference
has been largely attributed to the difference in the adsorption of chlorides onto the C-S-H and
larger amount Friedel’s salt. We will investigate whether the cation also influences the binding
capacity of the hydrotalcite.

This study focuses on the impact of the hydrotalcite formed by the reaction of dolomite fines in
the cement paste on the chloride binding of composite cement pastes. For this, cement paste
samples in which 40%wt of the Portland cement was replaced by dolomite or by a combination
of dolomite and metakaolin were investigated. Cement paste samples containing limestone

instead of dolomite and a pure Portland cement sample were used as references. In order to be
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able to study the effect of hydrotalcite, we needed samples containing sufficient amounts of
hydrotalcite. Therefore, we investigates binder compositions containing dolomite and little or no
metakaolin and cured at elevated temperatures, which according to an earlier study yielded
considerable hydrotalcite formation [10]. Chloride-binding isotherms were experimentally
obtained and related to the phase assemblage and phase composition of the solids obtained with
XRD, TGA, and SEM-EDS. Additionally, the contribution of hydrotalcite, Friedel’s salt, and C-S-H to

the chloride binding of the cement pastes was evaluated using a mass balance approach.

2 EXPERIMENTAL

2.1 MATERIALS & SAMPLE PREPARATION

The materials used in this study were Portland cement (C) supplied by Norcem, to which gypsum
but no limestone was added during grinding, natural dolomite (D), and natural limestone (L)
supplied by Miljgkalk AS, and laboratory-grade metakaolin (M) supplied by Imerys
(Metastar501). Table 1 shows the chemical composition, determined by X-ray fluorescence (XRF),
of the materials used and their Blaine specific surface area. The particle size distributions of the
materials used, determined by laser diffraction (Malvern Mastersizer 2000E), are shown in Figure
1. Table 2 gives an overview of the various sample compositions prepared. We replaced 40%wt
of the Portland cement with either dolomite (60C40D) or a combination of 35%wt dolomite and
5%wt metakaolin (60C35D5M). The equivalent samples containing limestone (60C40L and
60C35L5M) and the Portland cement sample (100C) were used as references. Cement pastes were
prepared with a w/b ratio of 0.5 for all binder compositions in a high-shear mixer (Braun
MR5550CA). The mixing procedure was mixing for 30 s, resting for 5 min and mixing again for
60 s. The resting time of 5 min was chosen to check for false set of the paste. The resulting pastes
were cast in 125 mL polyethylene screw-lid bottles, which were sealed with parafilm and stored,
immersed up to their bottleneck, in water at 38 °C or 60 °C. After three months of curing, the
hydrated cement pastes were removed from the bottles, crushed in a jaw-crusher and then ground
in a rotating disc mill to a particle size <1 mm. The crushed cement paste was poured into 1 L
screw-lid polypropylene bottles and 30%wt of deionized water relative to the crushed cement
paste weight was added. The bottles were sealed with parafilm and cured for another four months
at the respective temperatures. After a total of seven months of curing, the bottles were stored at
20 °C for two weeks before starting exposure at 20 °C. This sample preparation led to moist-sand
like cement pastes. We chose this way of preparing the samples to maximize the degree of
hydration of the binder before exposure and thus minimize any continued hydration during

exposure.
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2.2 CHLORIDE EXPOSURE

For the exposure, 30 g of the moist-sand-like cement paste was poured into 45 mL centrifuge
tubes, to which 15 mL of exposure solution was added using a volumetric pipette. The exposure
solutions were solutions of NaCl or CaCl; with chloride concentrations ranging from 0.25 to
3 mol/L, prepared with deionized water and laboratory-grade salts of NaCl or CaCl;:2H,0
(supplied by Merck). The reference samples of all mixes were exposed to 15 mL of deionized
water. The closed centrifuge tubes were shaken weekly and stored at 20 °C for at least one month

to reach equilibrium prior to the investigation.

2.3 METHODS

2.3.1 Investigation of the supernatant

The chloride concentration in the supernatant was determined by potentiometric titration. The
samples were centrifuged at 4000 rpm for 2.5 min. A known volume (0.2-0.8 mL, depending on
the chloride concentration of the exposure solution) of the supernatant was pipetted into a
measurement beaker, to which 1 mL of HNO3 (65% supplied by Merck, and diluted 1:10), 2.5 mL
of 0.2% polyvinyl alcohol (supplied by Merck, 2 g was dissolved in 1 L deionized water), and
approx. 20 mL of deionized water were added. The chloride content was measured with a
Titrando 905 titrator from Metrohm against a 0.1 mol/L AgNOs3 solution (Titrisol, supplied by
Merck).

During the exposure of the cement paste, chlorides from the solution are taken up by the hydrates
of the cement paste. The chloride concentration in the solution will therefore decrease. The

amount of bound chlorides (N¢;souna) can be calculated as g/g cement paste using Eq. (1) [21].

N _ (Cevfree — Cereq) * (Viyo + Veraadea) /1000 - Mg 0
chbound Msample — Mu,0

where Cgifee is the actual concentration of free chlorides present at the beginning of the exposure,
which can be calculated using Eq. (2); Cceq is the chloride concentration of the supernatant
measured at equilibrium; Vg0 is the volume of free water in 30 g of the moist-sand-like hydrated
cement paste before exposure; Vjaddea is the volume of exposure solution added (15 mL); M¢ is
the molar mass of chlorine (35.453 g/mol); Msmpie is the mass of the sample added to the

centrifuge tube (30 g); and myzo is the mass of free water in this 30 g of hydrated cement paste.
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C _ Ccraddea " Vei,added
Cl,free — v, % (2)
H,0 T Vciadded

where Ccjadded is the concentration of chlorides in the exposure solution, which was measured with
potentiometric titration prior to exposure. Vizo was assumed to be equal to mpz and was
determined by the weight loss of the moist-sand-like hydrated cement pastes after drying at 40 °C
in a TGA until constant weight (Table 3).

A selection of samples was analysed in triplets. The average standard deviation obtained for the
titrations of samples exposed to NaCl was approx. 10%. For samples exposed to CaCl, the average
standard deviation of the titration experiments was approx. 5%. The standard deviations are

indicated with by the error bars in the respective figures.

The experimental data obtained from the titration experiments with chloride concentrations from

0-3 mol/L were fitted with a Langmuir isotherm as shown in Eq. (3) [24].

a- C(;l free
N = :
ClLbound 1+p- Ccl,free) :

where Nc¢jpouna are the amount of bound chlorides, Cejpee the concentration of free chlorides before
exposure, as described above, and a and £ are fitting parameters, which depend on the binder

composition [24].

After centrifuging, the pH of the supernatant was measured as well. This was done using a
6.0255.100 Profitrode from Metrohm. The measurements of the pH were performed in the
laboratory at 20 °C. The electrode was calibrated on every measurement day with buffer solutions

of pH 7,10 and 13.

2.3.2 Investigation of the solids

The solid fraction was investigated on all samples exposed to a chloride concentration of 2 mol/L
for NaCl and CaCl,. The reference samples exposed to deionized water were also investigated.
Approx. 6 g of the 30 g of each hydrated cement paste sample was taken out of the centrifuge tube
after all the investigations of the liquids had been performed. To stop the hydration and remove
the water or chloride solution, the wet hydrated cement paste was immersed in 100 mL
isopropanol, shaken for 30 s, and left to rest for 5 min before the isopropanol was decanted. The
isopropanol treatment was then repeated. After that, the sample was immersed in 20 mL

petroleum ether, stirred for 30 sec, and left to rest again for 5 min. The petroleum ether was

6
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filtrated off using a vacuum filtration unit, and the samples were dried in a desiccator overnight
under a slight vacuum (-0.2 bar) applied using a water pump. The dried samples were ground to

a particle size <63 um and then analysed with TGA or XRD.

For the thermogravimetric analysis (TGA), approx. 150 mg of each ground sample was poured
into a 600 pl corundum crucible. The weight loss was measured from 40-900 °C, with a heating
rate of 10°C/min in a Mettler Toledo TGA/DSC3+ device. During the experiments, the
measurement cell was purged with 50 mL/min N> gas. TGA was used to identify changes in the
phase assemblage and to quantify the amount of bound water and portlandite in each of the mixes

investigated.

The derivate curves of the TG signal, the DTG curves, were used to detect phase changes. The DTG
curves can be divided into several temperature intervals, in which the decomposition of specific
phases can be detected as a weight loss. These temperature intervals were used to identify various
hydration phases as suggested by Lothenbach et al. [25]. The first weight loss peak at around
100 °C is related to the ettringite (Et) decomposition and the beginning of the dehydroxylation of
the C-S-H phase. C-S-H decomposes gradually between 40 °C and 600 °C and appears as a
polynomial baseline under the other peaks. Hydrotalcite (Ht) shows two mass loss events, the first
at approx. 220 °C and the second at around 400 °C. The subsequent sharp peak between approx.
400 °C and 550 °C is related to the decomposition of portlandite (CH). Above 550 °C, carbonates
decompose by emitting CO,. To make it possible to quantify the amount of bound water (Hary binder
weight) Using Eq. (4) [26], the weight loss between 50 °C and approx. 550 °C was determined with a
horizontal step. The weight loss related to the amount of portlandite was measured by integrating
the DTG curve between approx. 400 °C and 550 °C with a linear baseline. This method is assumed
to give similar results as using a tangential step and excludes the weight loss from the C-S-H
decomposition still ongoing in this temperature region [25]. The portlandite content (CHary binder
weight) can be calculated using Eq. (5) [26], where M(Ca(OH)2)=74 g/mol and M(H,0)=18 g/mol.
Both quantifications in Eq. (4) and Eq. (5) are normalized to the dry binder weight, which is the
sample weight at 550 °C and assumed to remain constant during hydration [26].
Wso — Wssg

Hdry binder weight = (4)
Wss0

Wa00 = Wsso  M(Ca(OH);)

CHary pinder weight = Wsso M(H,0) ©)

The error for the Hary binder weight and CHary binder weight 1S €stimated to be 1% wt. The errors are indicated

with the error bars in the respective figures.
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To identify the gasses leaving the samples at a certain temperature interval, another TGA device
(STA 449 C Jupiter from Netzsch) coupled with a quadrupole mass spectrometer unit (QMS 403 C
Aéolos from Netzsch) was used. For these measurements, approx. 20 mg of selected samples were
poured into corundum crucibles. The samples were analysed from 40-900 °C with a heating rate

of 10 °C/min. During the measurement, the measurement cell was purged with 30 mL/min N; gas.

The X-ray diffraction (XRD) analyses were carried out using a D8 Focus from Bruker built with a
Bragg-Brentano 6-20 geometry, a LynxEye detector, and a goniometer radius of 200.5 mm. The
samples were measured between 5 °26 and 55 °26 using Cu-Ka radiation with a wavelength of
approx. 1.54 A as X-ray source, a step size of 0.01 °26, and a sampling time per step of 0.5 s. The
ground samples were front-loaded into the sample holders and queued in a sample changer until
measurement (max. 4.5 h). The XRD plots were qualitatively evaluated using DIFFRAC.EVA V4.0

software from Bruker.

For the investigation of the hydrate phase assemblage with scanning electron microscopy (SEM),
some of the hydration-stopped and dried but not ground samples were cast in epoxy, polished
and carbon-coated. The investigated samples included all samples containing dolomite (60C40D
and 60C35D5M) and the samples 60C35L5M exposed to NaCl or CaCl;. Elemental mapping and
point analyses were carried out using a Hitachi S-3400N electron microscope equipped with an
energy dispersive spectrometer (EDS) from Oxford Instruments. The SEM was operated at an
accelerating voltage of 15 keV, a working distance of 5 mm for taking the BSE images, and a
working distance of 10 mm for operating the EDS. As reference samples, the results from a
previous study [10] were used. In that study, the samples had similar binder compositions and
were cured sealed at 100% RH for 360 days at 60 °C or 38 °C and prepared for SEM-EDS analysis

in a similar way.

2.3.3 Thermodynamic modelling

The Gibbs free energy minimization program GEMS [27,28] was used to model the activity of CO32
ions in the pore solution of a model system with increasing additions of NaCl or CaCl. The model
system used consisted of 100 H,0 and 20 g CaCOs. Because 0.03 g NaOH and 0.06 g KOH were
included in the model, the pH at the starting point of the modelling was high (pH 13.9), which is

similar to the pH in cementitious systems.

2.3.4 Mass balance calculations

The contribution of the various hydration phases to the chloride binding of the cement pastes was
estimated with mass balance calculations for the samples 60C40D (60 °C) and 60C40L (38 °C)

exposed to NaCl or CaCl,. We used mass balance calculations instead of the thermodynamic

8
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modelling software GEMS for this due to a lack of thermodynamic data for the chloride-containing
hydrotalcite or the chloride uptake of the C-S-H. In a first step, the amount or volume of the various

phases present in the system was calculated based on the following assumptions:

For the cement, the QXRD results of a similar cement clinker and gypsum [10] were used
as input for the calculations. The reaction degree of belite was set to 90% and the ferrite
and periclase were assumed to not have reacted. All other components of the cement
clinker and the gypsum were assumed to have reacted fully. For the dolomite
(CaMg(C03)2) a reaction degree of 30% was assumed when cured at 60 °C, and for the
limestone (CaCO3)a reaction degree of 5% was assumed when cured at 38 °C. The ideal
stoichiometric compositions of dolomite and limestone were used as input for the
calculations.

The amount of calcium, aluminium, and sulphur in the C-S-H phase was calculated from
the SEM-EDS point analysis results (Table 5), assuming 1 mol of C-S-H contains 1 mol of
silicon.

All the magnesium from the reaction of dolomite is bound in hydrotalcite. The hydrotalcite
formula used for the calculations (MgeAl,(OH)1s-3(H20)) was taken from [29], because
thermodynamic modelling of the reaction of dolomite in cement paste predicted the
formation of a hydrotalcite, which does not contain carbonates [30], and the Mg/Al ratio
of the hydrotalcite formed in the sample 60C40D was shown to be approx. 3 (Table 6).
The amount of ettringite formed was calculated by subtracting the amount of sulphate in
the C-S-H phase from the total amount of sulphates available in the system.

The amount of AFm phases was calculated by subtracting the amount of aluminium
incorporated in the C-S-H, ettringite, and hydrotalcite from the total amount of aluminium
available in the system. The AFm phases taken into account for the calculations were
monocarbonate and Friedel’s salt. Several mass balance calculations were performed, in
which the aluminium available for the formation of AFm phases was distributed in varying
ratios to these two AFm phases (from 100% to 0% Friedel’s salt and consequently 0% to
100% monocarbonate).

The amount of secondary calcite, formed by the reaction of dolomite, was calculated by
subtracting the amount of carbonates included in the monocarbonate from the total
amount of carbonates available in the system.

The amount of portlandite was calculated by the amount of calcium left in the system after
subtracting the calcium incorporated in the C-S-H phase, secondary calcite, ettringite,
monocarbonate, and Friedel’s salt from the total amount of calcium available in the

system.
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Subsequently, the amount of chloride bound in the hydrotalcite, Friedel’s salt, and C-S-H were

calculated with the following steps:

e The amount of chloride in hydrotalcite! was calculated by the Mg/Al and Cl/Al ratio of the
hydrotalcite determined with SEM-EDS (see Table 6).

e The amount of chloride in the Friedel’s salt was calculated with its stoichiometric formula
(3Ca0-Aly03:CaCl-10H20), by taking into account the various amounts of Friedel’s salt
calculated, as described above.

e The amount of chloride in the C-S-H was determined by subtracting the amount of bound
chlorides in hydrotalcite and Friedel’s salt from the total amount of bound chlorides, as
determined by potentiometric titration for the samples exposed to a 2 mol/L chloride
solution (NaCl or CaCly) (see Figure 1). With this, the Cl/Si ratio of the C-S-H was calculated
and compared to the Cl/Si ratio measured experimentally with SEM-EDS.

3 RESULTS
3.1 Chloride-binding isotherms
The results for the chloride-binding isotherms were plotted as the data points obtained

experimentally by chloride titration and their corresponding fitted chloride-binding isotherms.

3.1.1 Chloride-binding isotherms of samples containing dolomite or limestone

Figure 2 shows the chloride-binding isotherms for samples 60C40D and 60C40L cured at 38 °C or
60 °C and exposed to NaCl. When cured at 38 °C, the sample containing limestone shows a similar
chloride binding as the sample containing dolomite. However, when cured at 60 °C, the chloride

binding of sample 60C40L drops slightly while sample 60C40D shows an increase.

3.1.2 Chloride-binding isotherms of samples containing a combination of dolomite
or limestone with metakaolin

Figure 3 shows the chloride-binding isotherms for the samples cured at a) 38 °C and b) 60 °C

exposed to NaCl. All samples cured at 38 °C and containing metakaolin, whether in combination

with dolomite or limestone, showed a higher chloride binding than the 100C reference sample.

Samples containing no metakaolin (60C40D and 60C40L) showed a lower chloride binding than

the 100C reference. Moreover, the samples containing a combination of metakaolin and carbonate

1Due to the lack of an exact chemical formula for the chloride-containing hydrotalcite, we calculated its
molar mass from the formula: MgsAl2(OH)1s-3H20.

10
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(dolomite or limestone) did not seem to reach a plateau when they were exposed to chloride
solutions with high concentrations, whereas the reference 100C and the samples 60C40D and

60C40L did.

When cured at 60 °C, the chloride binding of sample 60C40D was higher compared to 38 °C.
Whereas for all other samples the chloride binding was lower at 60 °C compared to 38 °C. Sample
60C40D showed the highest chloride binding of the samples cured at 60 °C. Sample 60C35D5M
showed a significantly lower chloride binding than sample 60C40D when cured at 60 °C.

3.1.3 Chloride-binding isotherms of samples exposed to CaCl:
Figure 4 shows the chloride-binding isotherms for the samples exposed to various concentrations
of CaCl, solution. The chloride-binding capacities were considerably higher for all samples

exposed to CaCl; than for those exposed to NaCl (by a factor of 5-10).

Samples cured at 38 °C (Figure 4a) showed trends similar to those of the samples exposed to NaCl.
Samples containing a combination of metakaolin and either dolomite or limestone showed a
higher chloride binding than the 100C reference and gave the overall highest chloride binding of
all samples investigated. Samples 60C40D and 60C40L showed a similar and low chloride binding.

For the samples cured at 60 °C (Figure 4b), however, the trends observed for the CaCl; exposure
were different from those for NaCl. With CaCl; exposure, the samples containing dolomite, with or
without metakaolin, showed very similar and the highest chloride binding of all samples cured at
60 °C. The reference sample 100C showed, as for NaCl exposure, a lower chloride binding than
when cured at 38 °C. The samples containing limestone (60C40L, 60C35L5M) cured at 60 °C
showed similar chloride binding and the lowest chloride binding of all the samples exposed to

CaCl..

3.2 pH measurements

Figure 5 shows the results of the pH measurements of the supernatant of the various binder
compositions cured at 38 °C and 60 °C and exposed to NaCl (Figure 5 a and b) and to CaCl; (Figure
5 c and d). The results of the pH measurements of the reference samples exposed to deionized

water are plotted as the points for 0 mol/L added chloride concentration in all graphs.

All the samples containing SCMs that were exposed to NaCl showed a lower pH than the Portland
cement sample 100C. This effect of SCMs on the pH of the pore solution has been described

previously [31]. All samples containing SCMs and cured at 38 °C showed a very similar pH at all

11
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concentrations of added chloride solution. The pH seemed to decrease only slightly with
increasing chloride concentrations. The samples containing dolomite (60C40D and 60C35D5M)
and cured at 60 °C, showed a lower pH than the samples containing limestone. This might be
explained by the enhanced dolomite reaction at 60 °C, which has been shown to reduce the pH in

a model system [32].

For CaCl, exposure, the 100C sample again showed a higher pH for all added chloride
concentrations added than for the samples, in which 40%wt of the Portland cement was replaced
with SCMs. The drop in the pH with increasing chloride concentrations was much greater than in
the samples exposed to NaCl. This is attributed partly to the adsorption of calcium on silanol
groups, which releases H+*-ions in the pore solution, and the common ion effect of portlandite
(calcium hydroxide), as reported in the literature [3,20,22,23,33]. The decrease in the pH upon
CaCl; addition results in a partial dissolution of the portlandite as experimentally observed in

Figure 9.

There were no differences in the pH between the samples containing dolomite or limestone at
either curing temperature when exposed to CaCl,. This indicates that in the case of CaCl, exposure,
the Ca?* ions dominate the pH in contrast to the NaCl exposure, where the reaction of dolomite

dominates the pH.

3.3 Thermodynamic modelling

Figure 6 shows the development of the activity of CO32 ions in the solution and the amount of
CaCO; present in the system with increasing additions of NaCl and CaCl; to the model system H,0-
CaCoO3 at a high pH. It can be seen that the activity of the carbonate ions is decreasing with
increasing amounts of CaCl, added. First, the activity drops very rapidly and at free chloride
concentrations higher than approx. 1.2 mol/L, the activity decreases with a smaller slope. The
decrease in the carbonate ion activity is due to higher calcium concentration in the solution and
the common ion effect, which is visible by the precipitation of small amounts of CaCOs3 in Figure 6.
In the model system exposed to NaCl, however, there is no drop in the activity of carbonate ions

within the range of the free chloride concentration modelled.

3.4 Hydrate phase assemblage of exposed samples determined with TGA and XRD
Table 4 gives a qualitative comparison of the phase assemblages observed with TGA or XRD in the
various binder compositions cured at 38 °C or 60 °C and exposed to H,0, NaCl or CaCl.. In general,
the results for TGA and XRD correlate well. In samples where we could only identify a phase with

TGA but not with XRD, we assumed the phases to be poorly crystallized or amorphous. A detailed
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description of the phase assemblages of the various samples and their associated TGA and XRD

plots are given in the Appendix.

In the reference samples exposed to water, hydrotalcite formed in samples containing dolomite
as detected with TGA and XRD. The weight loss peak of hydrotalcite increased with the curing
temperature from 38 °C to 60 °C, for the samples containing dolomite. The samples containing
limestone also showed a small weight loss in the temperature region of hydrotalcite. This weight
loss in the samples could be associated with the decomposition of a siliceous hydrogarnet, because
small peaks of this phase were observed with XRD in all the samples cured at 60 °C (not shown

here). Monocarbonate was observed in all samples cured at 38 °C except 60C40D.

In samples exposed to NaCl or CaCl,, chloride-containing phases were observed instead of
monocarbonate or normal hydrotalcite. In samples containing dolomite, chloride-containing
hydrotalcite, and in samples containing limestone, Friedel’s salt was common. The chloride-
containing hydrotalcite can be identified with XRD, as reported by Ke et al., by its the shift in the
peak position to lower angles, as shown in Figure 7 [13]. Moreover, the signal in TGA also changed.
The first peak of hydrotalcite (approx. 220 °C) decreased or completely disappeared and the
second peak (approx. 400 °C) shifted to lower temperatures (approx. 370 °C) (Figure Al). The
chloride-containing hydrotalcite was observed in chloride-exposed samples containing dolomite
cured at both curing temperatures. A possible intermixing with Friedel’s salt cannot be excluded,
as the peaks of the chloride-containing hydrotalcite show a slightly asymmetric peak, which could
indicate the presence of small amounts of Friedel’s salt. Clear peaks of Friedel’s salt were only
visible in samples cured at 38 °C in the XRD and TGA graphs, though there was a small peak of
Friedel’s salt in sample 60C35L5M cured at 60 °C. In all samples exposed to CaCl;, except sample
60C40D cured at 60 °C, a small hump of what was probably monosulphate-14H was observed. We
could not identify this phase with TGA, probably due to its very small amounts and the overlapping
of AFm decomposition peaks in the DTH curve. This indicates that the presence of calcium ions is
also influencing the balance between monosulphate and ettringite, and not only the S032-/Al,03
ratio of the pore solution. Sample 60C40D cured at 60 °C showed a monocarbonate peak instead

of the monosulphate peak when exposed to CaCl..

[tis important to note that, even though the TGA and XRD results correlate qualitatively very well,
the ettringite peak in XRD seemed to be higher for the samples cured at 60 °C than for the samples
cured at 38 °C. This increase was not observed with TGA. The reason for this is not clear, but it

could be due to the sample preparation, in which the ettringite might have been severely
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decomposed during the curing at 60 °C and re-crystallized later at 20 °C, potentially resulting in a

higher degree of crystallinity.

There were several peaks observed in the carbonate weight loss region of samples exposed to
either NaCl or CaCl,. TGA-MS investigations of the sample 60C35D5M cured at 38 °C and exposed
to CaClz, showed that these peaks are related to the release of CO; (Figure 8). We expect the degree
of carbonation due to sample preparation to be similar in all samples, because they were all
prepared in the same way. The evaporation of chlorine, as reported for chloride-containing
hydrotalcite [13], is indicated by the increasing ion current for the chlorine (H-35Cl, H-37Cl, 35Cl) at

temperatures >800 °C.

3.5 Portlandite and bound water content

Figure 9 shows the portlandite content normalized to the dry binder weight of the various mixes
investigated. The portlandite content was lower in samples containing a combination of
metakaolin and carbonate (whether dolomite or limestone) than in samples containing only
carbonates as SCMs. Moreover, all samples containing dolomite and/or metakaolin showed a
lower portlandite content when cured at 60 °C than when cured at 38 °C. This can be explained by
the pozzolanic reaction of metakaolin to form additional C-S-H, and the reaction of dolomite to
form hydrotalcite and calcite, which both consume portlandite and are accelerated at elevated
curing temperatures. Only sample 60C40L exposed to CaCl, showed a higher portlandite content

when cured at 60 °C than when cured at 38 °C.

All samples exposed to chloride solutions showed a lower portlandite content than their reference
samples exposed to deionized water. This difference was greater for the exposure to CaCl; than to

NaCl. This was also experimentally observed in [22].

Figure 10 shows the amount of bound water in the various mixes investigated. The samples
containing dolomite or limestone show very similar results. The samples containing metakaolin
had a higher or similar bound water content compared to the 100C reference for both curing
temperatures. This indicates that the pozzolanic reaction of metakaolin, which forms additional
C-S-H and AFm phases, is able to compensate for the smaller amount of Portland cement in these
samples. The samples cured at 60 °C showed a lower bound water content than the samples cured
at 38 °C, even though, the clinker hydration and the pozzolanic reaction of metakaolin are
accelerated at elevated curing temperatures, and should thus lead to an increase in the bound

water content. The lower bound water content in samples cured at 60 °C compared to samples
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cured at 38 °C might, however, be explained by the densification of the C-S-H at such high

temperatures, which is associated with a loss of its structural water [34,35].

The bound water content changes for the various exposures. Samples exposed to NaCl showed a
lower bound water content than their reference samples exposed to deionized water. Samples
exposed to CaCl; showed a higher bound water content than samples exposed to NaCl, and in some

cases a higher bound water content than samples exposed to deionized water.

Samples exposed to CaCl, show a lower portlandite and higher bound water content, than samples
with the same composition exposed to NaCl. We, therefore, assume that the CaCl; reacted with the
cementitious system to form additional phases. One possible reaction is the formation of calcium
oxychloride phases from the reaction of CaCl, with water and portlandite [36-42]. However, we
did not observe peaks of calcium oxychloride with XRD. This might be explained by the complexity
of these salts, which were reported to decompose or carbonate easily during sample preparation

[37,43].

3.6 Composition of the C-S-H and hydrotalcite in exposed samples measured with
SEM-EDS

3.6.1 BSE imaging and elemental mapping

As an example of back-scattered electron (BSE) imaging, Figure 11 shows the BSE image and
elemental maps of magnesium, aluminium, calcium, silicon and chlorine for sample 60C40D cured
at 60 °C and exposed to NaCl. We chose this composition, because it showed the highest degree of
dolomite reaction in a previous study [10]. The samples exposed to CaCly, as well as the samples
60C35D5M showed similar results. The up to 60 pm large uniformly grey particles are the
unreacted parts of the dolomite particles. This is confirmed by the elemental maps, which show
that these particles contain only magnesium and calcium. Around these particles, the original
grain boundaries of the dolomite particles are still visible due to a thin layer of C-S-H that probably
precipitated at early ages and persisted after the dolomite started to react. Between the original
grain boundaries of dolomite and the boundary of the still unreacted dolomite particles, dark
reaction rims are visible (highlighted with small arrows). These rims are rich in magnesium and
aluminium but poor in calcium and silicon. Moreover, the rims seem to show a slightly higher
chloride content than the matrix. The matrix shows a generally homogeneous chloride content.
The small points of very high chlorine content in the last map are most probably crystals of NaCl
that precipitated during drying in the samples. Point analyses of the samples exposed to NaCl or
CaCl; were taken in the matrix of the samples and inside the reaction rims around the dolomite

particles.
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3.6.2 Effect of curing temperature, metakaolin addition and exposure solution on
the composition of the C-S-H

Table 5 shows the results for the SEM-EDS point analyses of the matrix of selected samples

exposed to NaCl or CaCl,. The results given in Table 5 were determined by plotting the atomic

ratios (e.g. Al/Ca over Si/Ca), in 2D diagrams. Tangents framing the C-S-H data cloud were used

to discriminate the intermixed phases and determine the atomic ratios of the C-S-H phase.

The results for samples 60C40D exposed to NaCl show that the Si/Ca ratio and the Al/Si ratio of
the C-S-H were lower in samples cured at 60 °C than in samples cured at 38 °C. This might be
explained by the enhanced reaction of clinker and dolomite at 60 °C. Zajac et al. reported a lower
aluminium content of the C-S-H in samples where dolomite reacted to hydrotalcite, which

incorporates the aluminium instead [9].

In most of the samples containing metakaolin (60C35D5M and 60C35L5M) that were exposed to
NaCl, the Al/Si and the Si/Ca ratio of the C-S-H is higher than in the samples containing no
metakaolin (60C40D). This effect of the addition of metakaolin on the Si/Ca ratio of the C-S-H is
qualitatively in agreement with literature [44,45]. However, it should be noted that the Si/Ca ratio
of 0.9 for the sample 60C35L5M cured at 38 °C and exposed to NaCl is much higher than reported
for the addition of 5%wt metakaolin [45]. The Si/Ca ratios of the other samples containing
limestone and metakaolin are relatively similar. The reason for the high values for the sample
60C35L5M 38 °C NaCl are unclear. In samples exposed to CaCly, the Si/Ca ratio of the C-S-H was

lower than in the samples exposed to NaCl for all samples except the sample 60C40D 38 °C.

To illustrate the chloride uptake of the C-S-H in these samples, Table 5 also shows the Cl/Si ratio
of the point analyses of the matrix. For most of the samples, the Cl/Si ratio of the C-S-H is higher
at 60 °C than at 38 °C. Exposure to CaCl; also increased the chloride content in the C-S-H compared

to NaCl.

Table 5 also shows the S/Si ratio of the C-S-H in the various samples investigated. It can be seen
that contradictive to the commonly observed higher sulphate content of C-S-H at higher curing
temperatures, the S/Si ratio of the C-S-H in the samples cured at 60 °C was similar or lower than
in the samples cured at 38 °C. This can be explained by the sample preparation, where the samples
were cured at 60 °C or 38 °C, but exposed at 20 °C. This indicates that the C-S-H in the samples

cured at 60 °C released a considerable amount of sulphate during the exposure at 20 °C, and can
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explain the formation of ettringite or monosulphate in samples cured at 60 °C, as observed in with

XRD.

3.6.3 Effect of metakaolin addition and exposure solution on the composition of
hydrotalcite
The results for the point analyses taken in the reaction rims inside the original dolomite grains
are shown in Figure 12 as the Mg/Ca ratio over the Al/Ca ratio. The results follow two linear lines,
one for the hydrotalcite formed in samples containing dolomite (60C40D), and the other for the
hydrotalcite formed in samples containing a combination of dolomite and metakaolin
(60C35D5M). This indicates that no other aluminium-containing hydration products, such as
Friedel’s salt, were present in the reaction rims, as they would cause a spread of the result towards
lower Mg/Al ratios. The different slopes of these lines indicate a decrease in the Mg/Al ratio of the
hydrotalcite formed from approx. 3.2 in sample 60C40D to approx. 2.4 in sample 60C35D5M. The
Mg/Al ratio does not seem to be affected by the exposure solution, but only by the presence of

metakaolin.

Figure 13 shows the Cl/Ca over the Al/Ca ratio of the point analysis results in rims around the
dolomite grains, which are filled with hydrotalcite. The slope of the lines indicated in Figure 13,
presents the Cl/Al ratio of the hydrotalcite in the various samples, which is summarized for the
various samples in Table 6. Hydrotalcite is reported to contain a constant amount of aluminium,
but varying amounts of magnesium [46]. In this study we assumed hydrotalcite to always contain
2 mol of aluminium. Therefore, the results of the calculation of the amount of chloride ions in
1 mol of hydrotalcite show a lower chloride content in the hydrotalcite formed in samples

containing metakaolin (Table 6).

3.7 Mass balance calculations

The amount of chloride bound in the C-S-H phase, Friedel’s salt, and hydrotalcite per gram of
cement paste in the samples 60C40D (60 °C) and 60C40L (38 °C) was calculated by a mass balance
approach for exposure to either NaCl or CaCl.. It is reported that with increasing concentrations
of chlorides in the pore solution, monocarbonate transforms gradually to Friedel’s salt [47]. With
TGA and XRD it is not possible to distinguish Friedel’s salt, hydrotalcite and monocarbonate
completely. Especially, if little amounts of one of them are present in the samples. Due to the
asymmetric peak of the chloride-containing hydrotalcite, the presence of Friedel’s salt in samples
containing dolomite cannot be excluded. Therefore, the aluminium available for the formation of
AFm phases from the mass balance calculation was distributed in various ratios between

monocarbonate and Friedel’s salt (from 100% to 0% Friedel’s salt and consequently 0% to 100%
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monocarbonate). Figure 14 shows the amount of chloride bound in the various hydrates

calculated by mass balance for the various combinations of monocarbonate and Friedel’s salt.

For the high amounts of Friedel’s salt assumed to be present, the calculated chloride content in
the C-S-H phase shows negative values in case of exposure to NaCl. This is because the Cl/Si ratio
of the C-S-H was calculated by subtracting the calculated amount of chloride bound in Friedel’s
salt and hydrotalcite from the total amount of chloride bound in the system measured. At high
amounts of Friedel’s salt present, more chlorides are calculated to be bound in the Friedel’s salt
than measured for the samples exposed to NaCl. We, therefore, assume these high Friedel’s salt
amounts to be an overestimation and concentrate in the following on the calculations where the
aluminium available for the formation of AFm phases was distributed max. 30% to Friedel’s salt
(as indicated by the dashed rectangles). Because the hydrotalcite formed contains aluminium, less
aluminium is available for the formation of AFm phases in the samples containing dolomite than
in the sample containing limestone. This results in a smaller variation in the amount of chloride

bound in the C-S-H or in the Friedel’s salt in the sample 60C40D than in the sample 60C40L.

For the sample 60C40D, it was calculated that approx. 0.003 g of chlorides/g hydrated binder for
NaCl exposure and approx. 0.006 g chlorides/g hydrated binder for CaCl, exposure were bound
in hydrotalcite. For the sample 60C40L, where no hydrotalcite was formed, the maximum amount
of chloride bound by Friedel’s salt were approx. 0.003 g chlorides/g hydrated binder for NaCl
exposure and approx. 0.002 g chlorides/g hydrated binder for CaCl; exposure.

We also used mass balance to calculate the Cl/Si ratio of the C-S-H, as described in 2.3.4. The
highest Cl/Si ratios calculated for the C-S-H phase in sample 60C40D for NaCl or CaCl; exposure
were approx. 0.03 and 0.15 respectively, which is considerably lower than the measured Cl/Si
ratios of 0.1 and 0.24 for sample 60C40D cured at 60 °C (Table 5). This difference between
measured and calculated Cl/Si ratios might be explained by the inability of the used solvents
(isopropanol and petroleum ether) to penetrate the gel porosity of the C-S-H phase during the
solvent exchange and replace the pore solution between the C-S-H sheets. This was explained by
the big molecular size of alcohols compared to water, which inhibits the replacement of the water
in very small pores [48]. Similarly, Plusquellec et al. showed that even methanol, which has a
smaller molecular size than isopropanol, is unable to replace all the pore solution in ground
concrete samples, leading to a lower amount of alkalis extracted from these samples [49]. In the
present study, consequently, some of the chloride-rich solution would be trapped in the gel

porosity and create an artificially high Cl/Si ratio in the point measurements with SEM-EDS.
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Another possible explanation might be that the solubility of e.g. NaCl is much smaller in solvents
than in water. Therefore, chloride salts, which might have precipitated in the sample during the

solvent exchange, cannot be dissolved by the solvents.

The differences between the measured and calculated Cl/Si ratios of the C-S-H indicate that the
solvent exchange treatment applied in this study is not a reliable method for sample preparation
for SEM-EDS when the chloride content of the C-S-H needs to be measured. This is also indicated
by the small points of very high chlorine content in the elemental map of chlorine (Figure 11),

which are most probably crystals of NaCl that precipitated during the sample preparation.

The sample 60C40L was not investigated with SEM-EDS, and we can therefore not discuss on

possible differences between the measured and calculated Cl/Si ratios in this samples.

We also calculated the portlandite content normalized to the dry binder weight of the samples
60C40D (60C40D-NaCl: 12 %wt, 60C40D-CaClz: 10 %wt) and 60C40L (60C40L-NaCl: 14 %wt,
60C40L-CaCly: 9 %wt) with the mass balance approach. We compared these values with the
portlandite content normalized to the dry binder weight obtained experimentally with TGA (see
Figure 9). Except for the sample 60C40L-CaCl;, the portlandite content calculated with mass
balance is larger than calculated with TGA. This indicates the formation of a calcium-containing
phase in the samples exposed to the chloride solutions, which we did not account for in mass

balance.

4 DISCUSSION

4.1 Chloride-binding isotherms for the samples containing limestone and
metakaolin

The chloride binding of the samples containing limestone (60C40L and 60C35L5M) and the

reference sample 100C was lower for the samples cured at 60 °C than of those cured at 38 °C

(Figure 3 & Figure 4). This confirms the observations of other authors [50,51]. The increase in

curing temperature from 38 °C to 60 °C changed the stability of some phases. This is visible in the

XRD and TGA plots (results summarized in Table 4), where no or only small amounts of Friedel’s

salt can be observed with XRD and TGA in the samples cured at 60 °C. We, therefore, conclude that

the lower chloride binding of samples containing limestone cured at 60 °C is due to the lower

amount of chloride-containing hydrates in these samples.
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When cured at 38 °C, where phases like Friedel’s salt are observed with XRD and TGA, samples
containing metakaolin show a higher chloride binding than samples without metakaolin (Figure
3a & Figure 4a). This effect has been explained by the additional aluminium delivered by the
metakaolin [2,3]. The addition of aluminium enables the formation of more Friedel’s salt and
thereby increases the chloride-binding capacity of cement pastes. This is confirmed by our results,
because we also observe an increase in the Friedel’s salt with TGA in samples containing

metakaolin (e.g. Figure A3).

4.2 Effect of hydrotalcite on the chloride binding in samples containing dolomite
without metakaolin addition
Figure 2 shows the chloride-binding isotherms for the samples 60C40D and 60C40L cured at
38°C, and 60°C exposed to NaCl solutions. The sample 60C40D cured at 60 °C showed
considerably greater chloride binding compared to the other samples. Assuming that the chloride
content of the C-S-H is similar for the sample 60C40D and 60C40L, the increased chloride binding
of the sample 60C40D cured at 60 °C will be due to the chloride binding in other hydrates than C-
S-H. When cured at 60 °C, the dolomite in the samples has been shown to react significantly more

than when cured at 38 °C and to form more hydrotalcite [9,10].

In the samples containing dolomite exposed to deionized water hydrotalcite formed, and in the
samples exposed to a chloride solution a chloride-containing hydrotalcite was observed. This can
be seen by the shift in the peak position of the hydrotalcite in XRD between the samples exposed
to deionized water and those exposed to NaCl (Figure 7). A similar shift was observed previously
by Ke et al. [13]. The peak position in XRD strongly depends on the c-parameter of the crystal
lattice [52]. With the incorporation of chloride ions in the interlayer of the hydrotalcite the
interlayer spacing is increased, because chloride ions have a larger ionic radius than hydroxide
ions [11,13,16,53]. An increase in the c-parameter results in a lower angle for the diffraction peak
of the phases. Moreover, the signal in TGA also changed, because the first peak of hydrotalcite
(approx. 220 °C) decreased or completely disappeared and the second peak (approx. 400 °C)
shifted to lower temperatures (approx. 370 °C) (Figure A1). Similar changes in the TGA signal
upon the formation of a chloride-containing hydrotalcite were reported by Ke et al. [13]. However,
the temperatures of these peaks in the present study vary from the temperatures reported by Ke
et al. [13], probably because the hydrotalcite in this study was formed in a cementitious system
rather than synthesised as a pure phase. The SEM-EDS point analyses (Figure 13) also showed a
chloride uptake of the hydrotalcite in the samples exposed to NaCl. It should be noted that the
amount of chloride in the hydrotalcite will be discussed in the following. Moreover, we do not

observe clear peaks of Friedel’s salt in sample 60C40D exposed to NaCl (Table 4). We, therefore,
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conclude that the samples containing dolomite cured at 60 °C showed an increased chloride
binding due to the formation of hydrotalcite, which is able to bind significant amounts of chloride.
To which extent these chlorides are bound in the interlayer of the hydrotalcite or adsorbed on its

surface could not be evaluated in with the experimental set-up in this study.

It should be noted that amongst the samples cured at 38 °C and exposed to NaCl, the reference
sample 100C shows the highest chloride binding in the concentration range of a classic ponding
test (0.5 mol/L). However, when cured at 60 °C, the sample 60C40D shows the highest chloride
binding, also in this concentration range. As the curing at 60 °C was applied to accelerate the
dolomite reaction, we assume the chloride binding of the sample 60C40D cured at 38 °C to

increase with the increasing reaction degree of dolomite over time.

4.3 Effect of additional metakaolin on the composition and chloride-binding
capacity of hydrotalcite
The Mg/Al ratio of hydrotalcite is known to be dependent on the availability of aluminium [17,18],
and therefore on the addition of metakaolin [10]. The samples containing metakaolin cured at
60 °C showed a lower Mg/Al ratio of the hydrotalcite than in samples without metakaolin (Figure
12). The change in the Mg/Al ratio is also indirectly visible with XRD, where the hydrotalcite
formed showed a peak at slightly higher angles in sample 60C35D5M than the sample 60C40D
(Figure 7). This can be explained by the lower Mg/Al ratio of the hydrotalcite in the sample
60C35D5M, which increases the positive charge of the main layer [16]. Therefore, more anions
are needed in the interlayer to compensate for the higher charge in the main layer, which reduced

the c-parameter because of a shortening in the hydrogen bonds [54].

The calculations of the amount of chloride in 1 mol of hydrotalcite based on the SEM-EDS show a
lower chloride content of the hydrotalcite in the samples 60C35D5M than in the samples 60C40D
(Table 6). This is not in agreement with the literature, where it was reported that a lower Mg/Al
ratio results in an increased uptake of chloride ions in the interlayer of hydrotalcite [16]. This was
explained by the increased positive charge of the main layer due to aluminium having a higher
charge than magnesium. Because the interlayer seeks electrical neutrality, more anions, in this
case chlorides, should be taken up by the interlayer in the case of a decreased Mg/Al ratio [16].

The reason for the contradictive results in the present study are unknown.

The chloride-binding isotherms showed a lower chloride binding for the sample 60C35D5M cured
at 60 °C and exposed to NaCl than for the sample 60C40D (Figure 3). Assuming that the apparent

lower chloride-content of the hydrotalcite in the samples containing metakaolin is an artefact, one
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possible explanation for this could be the lower amount of hydrotalcite in the sample 60C35D5M
compared to 60C40D. In a previous study, we showed that the amount of hydrotalcite formed
strongly depends on the availability of portlandite in the system, which decreased with the

amount of metakaolin added [10].

4.4 Effect of the exposure solution on the chloride binding of the cement paste
4.4.1 Effect of the exposure solution on the chloride-binding capacity of C-S-H
Samples exposed to CaCl; show a greater chloride binding than samples exposed to NaCl (Figure
3 and Figure 4). Several authors have described increased chloride binding when samples are
exposed to CaCl; rather than NaCl [1,3,19-23]. The difference might be due to the ability of
samples to accumulate chloride ions in the diffuse layer of the C-S-H in the case of CaCl; exposure
(Table 5). This has previously been explained by the overcompensation of the originally negative
surface charge of the C-S-H by the adsorption of divalent calcium ions in the Stern layer of the C-
S-H [55]. This overcompensation reverses the surface charge and turns it positive [55], which
means negatively charged chloride ions can accumulate in the diffuse layer of the C-S-H [8,23].
This is qualitatively in accordance with our results, as a higher Cl/Si ratio of the C-S-H phase was

measured in samples exposed to CaCl; compared to NaCl (see Table 5).

4.4.2 Effect of the exposure solution on the chloride-binding capacity of
hydrotalcite

A higher chloride uptake in hydrotalcite was observed in the case of CaCl; exposure compared to
NaCl (Table 6). This could be explained using thermodynamic modelling, which showed that the
activity of the carbonate ions in the pore solution of a model system is decreased for CaCl;
exposure, while it was not affected by NaCl exposure (Figure 6). Generally, divalent ions, such as
COs32%, are more preferably incorporated in the interlayer of hydrotalcite than monovalent ions,
e.g. Cl~. Due to the decrease of the activity of carbonate ions when exposed to CaCl,, less carbonate
and more chloride ions might be accommodated in the interlayer of hydrotalcite in the case of
CaCl; exposure than in the case of NaCl exposure. The Mg/Al ratio of the hydrotalcite did not seem
to be affected by the exposure solution (Figure 12).

An additional explanation for the increased chloride uptake of hydrotalcite upon exposure to CaCl,
compared to NaCl, is the decrease in the pH of the pore solution for CaCl, exposure, as shown in
Figure 5. Ke et al. highlighted the importance of the [Cl-]/[OH"] ratio in the pore solution, which
can have a significant effect on the adsorption of chlorides on hydrotalcite. At a lower pH, the

concentration of OH-ions is decreased, which mightlead to the adsorption of chlorides rather than
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hydroxides on the hydrotalcite [13]. In this study, we did however not differentiate between

surface adsorption and incorporation of chlorides in the interlayer of hydrotalcite.

4.5 Comparison of the contribution of hydrotalcite and Friedel’s salt to the
chloride binding of the cement pastes

The amount of chloride bound in the C-S-H phase, Friedel’s salt, and hydrotalcite per gram of

cement paste in the samples 60C40D (60 °C) and 60C40L (38 °C) exposed to either NaCl or CaCl;

was calculated by a mass balance approach. The two different temperatures for the samples were

chosen, because considerable amounts of hydrotalcite were detected only in the samples

containing dolomite cured at 60 °C, whereas clear peaks of Friedel’s salt were detected only in the

samples containing limestone cured at 38 °C.

The contribution of hydrotalcite, Friedel’s salt and the C-S-H to the chloride binding of the cement
pastes exposed to a 2 mol/L chloride solution was estimated from the results of the mass balance
calculations shown in Figure 14. For the calculations where more than 30% of the aluminium
available for the formation of AFm phases is distributed to Friedel’s salt, the Cl/Si ratio of the C-S-
H, and therefore its contribution to the chloride binding, is negative for the samples 60C40D and
60C40L exposed to NaCl, as described in 3.7. Negative values for the Cl/Si ratios are impossible,
and these calculations were not considered further. For the comparison between the contribution
of the chloride-containing hydrotalcite and the Friedel’s salt to the chloride binding of the cement
paste, we chose the calculations were 25% of the aluminium is distributed to the formation of
Friedel’s salt, as shown in Figure 15. This was done because the calculated Cl/Si ratio of the C-S-H
was similar between samples 60C40D an 60C40L in these calculations. The amount of chloride
bound in the hydrotalcite is unaffected by the combination of monocarbonate and Friedel’s salt,
because the amount of hydrotalcite formed was assumed to depend solely on the reaction degree

of the dolomite.

The results of the mass balance calculations shown in Figure 15 indicate that the contribution of
hydrotalcite to the chloride binding of the sample 60C40D (60 °C) is in the range of Friedel’s salt
in the sample 60C40L (38 °C) for both exposures.

However, the results of the mass balance calculations in this study are dependent on the amount
of hydrotalcite present, and therefore on the reaction degree of dolomite, which in this case is
assumed. Therefore, we also calculated the amount of chloride (N¢) in 1 mol of hydrotalcite (Table
6). We assumed hydrotalcite to contain always 2 mol of aluminium and varying amounts of

magnesium in the main layer. The Mg/Al and Cl/Al ratio of the hydrotalcite in sample 60C40D
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were determined with SEM-EDS point analyses (Table 6). In case of NaCl exposure, 1 mol of the
hydrotalcite formed contained approx. 0.8 moles of chlorides and in case of CaCl; exposure,
approx. 1.8 mol of chlorides. For Friedel’s salt, this value equals 2 according to its stoichiometric
formula (3Ca0-Al;03-CaCl;-10H;0). This indicates that the hydrotalcite formed due to the reaction
of dolomite is able to bind similar amounts of chlorides compared to Friedel’s salt when exposed
to CaCly, and can, depending on the amount of hydrotalcite formed, contribute considerably to the

chloride binding of the cement paste.

5 CONCLUSIONS

We investigated well-hydrated cement pastes in which 40%wt of the Portland cement was
replaced with dolomite or a combination of dolomite and metakaolin cured at 38 °C or 60 °C. The
pastes were exposed to NaCl, CaCl, or deionized water and the chloride binding, pH, phase
assemblage and phase composition were determined. From the results the following conclusions

can be drawn:

o The hydrotalcite that formed in samples containing dolomite contributed considerably to
the chloride binding of these samples. This is especially visible in the samples containing
dolomite cured at 60 °C, because higher curing temperatures resulted in an acceleration
of the dolomite and reaction.

e In samples exposed to CaCl,, hydrotalcite showed a higher chloride binding capacity than
in samples exposed to NaCl. This can probably be explained by the decrease in the
carbonate ion activity when the samples are exposed to CaClz, which might increase the
uptake of chlorides instead of carbonates in the interlayer of hydrotalcite.

e With mass balance calculations, it was shown that the hydrotalcite in samples containing
dolomite can contribute to the chloride binding of the cement pastes to a similar extent

as the Friedel’s salt formed in samples containing limestone.
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975 Tables

976
977 Table 1: Chemical composition of the Portland cement, dolomite, limestone and metakaolin used, as determined by XRF
978 [%wt] and their Blaine surface areas [m2/kg].
. Portland . . .
Oxide Dolomite Limestone Metakaolin
cement
Si02 19.91 0.52 0.12 52.18
Al203 5.15 0.01 0.06 44.92
TiO2 0.282 0.00 0.00 1.14
MnO 0.062 0.00 0.00 0.00
Fe203 3.42 0.04 0.03 0.62
CaO 62.73 31.52 55.12 0.12
MgO 2.34 20.14 0.41 0.04
K20 1.09 0.00 0.01 0.18
Naz0 0.48 0.00 0.00 0.17
SOs3 3.16 0.00 0.02 0.14
P20s 0.109 0.01 0.00 0.07
LOI 1.07 46.79 43.57 0.29
Sum (1050 °C) 99.80 99.03 99.34 99.87
Blaine [m2/kg] 416 340 370 987
979
980 Table 2: Matrix for the mixes [%wt]. The sulphate content of the Portland cement was set to 3.2%wt.
Name C D L M
Portland Dolomite Limestone Metakaolin
cement
100C 100 - - -
60C40D 60 40 - -
60C35D5M 60 35 - 5
60C40L 60 - 40 -
60C35L5M 60 - 35 5
981
982 Table 3: Overview of the weight losses of the various well-hydrated samples before exposure during drying at 40 °C
983 until constant weight [%wt]. The accuracy was estimated to 1%wt.
Sample Curing Weight loss
name temperature drying at 40 °C
[°C] [Yowt]
100C 38°C 33
60C40D 38°C 35
60C35D5M 38°C 35
60C40L 38°C 39
60C35L5M 38°C 37
100C 60 °C 32
60C40D 60 °C 35
60C35D5M 60 °C 35
60C40L 60 °C 37
60C35L5M 60 °C 38
984
985
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Table 4: Phase assemblage of ettringite (Et), monosulphate-14H (Ms), monocarbonate (Mc), Friedel’s salt (Fs), chloride-containing
hydrotalcite (Htc), and hydrotalcite (Ht) observed with TGA or XRD in the various mixes for various curing temperatures (38 °C, 60 °C)
and exposures (Hz20, NaCl, CaClz). The text in brackets indicates a low signal of that phase or an overlap with another peak so that its
presence could not be confirmed nor excluded.

Sample Exposure Temp. Et Ms-14 Mc Fs Hta Ht
60C40D H20 38°C TGA|XRD TGA|XRD
60 °C TGA|XRD
60C35D5M H:20 38°C TGA|XRD TGA|XRD TGA|(XRD)
60 °C (TGA)|XRD TGA|XRD
60C40L H-0 38°C TGA|XRD TGA|XRD (TGA)
60 °C TGA|XRD (TGA)
60C35L5M  H:0 38°C TGA|XRD TGA|XRD (TGA)
60 °C TGA|XRD (TGA)
60C40D NaCl 38°C TGA (XRD) TGA|XRD
60 °C (XRD) TGA|XRD
60C35D5M NaCl 38°C TGA (TGA) (TGA)]XRD  TGA|(XRD)
60 °C (TGA)|XRD (XRD) TGA|XRD (TGA)
60C40L NaCl 38°C TGA (TGA) TGA|XRD (TGA)
60 °C TGA|XRD (TGA) (TGA)
60C35L5M  NaCl 38°C TGA TGA TGA|XRD (TGA)
60 °C (TGA) (TGA)|XRD (TGA)
60C40D CaClz 38°C TGA (XRD) TGA|(XRD) TGA|XRD
60 °C TGA|XRD (XRD) TGA|XRD
60C35D5M CaCl: 38°C TGA (XRD) TGA|XRD TGA
60 °C TGA (XRD) (XRD) TGA|XRD
60C40L CaClz 38°C TGA (XRD) TGA|XRD (TGA)
60 °C TGA|XRD (XRD) (TGA)
60C35L5M  CaCl: 38°C TGA (XRD) TGA|XRD (TGA)
60 °C TGA (XRD) TGA|XRD (TGA)

Table 5: Overview of the C-S-H composition of the samples 60C40D, 60C35D5M, and 60C35L5M cured at 38 °C or 60 °C
and exposed to NaCl or CaCl,.

Sample Si/Ca Al/Si  Cl/Si  S/Si
60C40D 38° NaCl  0.68 0.03 0.05 0.03
CaCl;  0.78 0.04 0.24 0.03

60° NaCl  0.58 0 0.1 0.04

CaCl;  0.55 0 0.24 0.04

60C35D5M  38° NaCl  0.78 0.04 0.05 0.04
CaCl;  0.75 0.06 0.19 0.03

60° NaCl  0.73 0.04 0.16 0.02

CaCl;  0.65 0.04 0.24 0.02

60C35L5M  38° NaCl 0.9 0.08 0.05 0.04
CaCl;  0.65 0.08 0.2 0.03

60° NaCl  0.65 0.04 016  0.008

CaCl;  0.56 0.04 024  0.008

Table 6: Overview of the Mg/Al and Cl/Al ratio of the hydrotalcite in the various samples, and the amount of chloride
calculated [mol] per 1 mol of hydrotalcite (Na).

Sample Mg/Al Cl/Al Na
Hydrotalcite 60C40D NaCl 3.2 0.4 0.8
CaClz 3.2 0.9 1.8

60C35D5M NaCl 2.4 0.2 0.4

CaClz 2.4 0.7 1.4
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Figure 1: Particle size distribution of the materials used
determined by laser diffraction.
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Figure 2: Experimental data and fitted curves of the
chloride-binding isotherms for the samples 60C40D (black
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Figure 3: Experimental data and fitted curves of the chloride-binding isotherms for all the mixes investigated that were
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cured ata) 38 °C or b) 60 °C and exposed to CaClz. Note that the scale of the y-axis is different compared to Figure 2 and

Figure 3.
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Figure 13: Cl/Ca ratio over the Al/Ca ratio for the point
analyses of the reaction rims around the dolomite grains
in samples 60C40D and 60C35D5M, which were cured at
60 °C and exposed to NaCl or CaCl.. In addition, the
results for the point analyses in such reaction rims from
a previous study [10] are shown as a reference for not-
exposed samples.

37



1015

a) 60C40D NaCl 60 °C b) 60C40L NaCl 38 °C
0.025 1 0.2 0.025 1 0.2
— 002 ] m-m-=-m] — 002 1 -m-m-1
2 |m-m-m-8 - 0.0 g ] 'al—-l - 0.0
It ] [ It ] - [
20015 ] 2 0.015 ] l'.
5 ] 02 5 ] L 02
= A - U, - -U.
£ 001 ] = £ o001 T
&) ] [#5] (&) (7]
20 ] [ SR [ O
o8 0-005...:..I.... e I 04 %5 28 0.005 - -04 5
g FTNLETRRNN =2 5 il z
S L 06 S . I I L 06
= = g L
[} L] E L
< -0.005 = -0.005 1
= = !
=) - -0.8 =) - -0.8
< 001 ] < 001 ] -
o055 ¢+—v——r—++—+—++—1 10 o055 ¢+—vr—r+——++—++—1 0
S 9% Friedel's salt N 9% Friedel's salt
st Fs mmmmmm C-S-H - -® - Cl/SiC-S-H
¢) 60C40D CaCl, 60 °C d) 60C40L CaCl, 38°C
0.025 1 0.2 0.025 1 0.2
E._.--.--I-I-I--I"l: .—‘._._.__._,.:
— 0.02 — 0029 ...m" !
2 ] L 0.0 @ 10 L 0.0
2] o w0
T i [ @ ] [
20,015 ] [ 2 0.015 3 [
5 ] 02 5 ] [ 02
= 4 R ] - -U.
£ 001 1 ; = £ 001 i =~
=] _ | 75 o J L %51
20 ] ! SIS ] I O
28 0.005 7 - 04 %5 58 0.005 ] L 04 %5
%] ] F — ) ] F —
3 ] [ L3 1a | I [ 2
5 03 s C 5 0" 06 O
2 ] L 06 2 ] - -0.6
(=) - =
= -0.005 ] < -0.005 ] [
= ] 2 [
5 . L 0.8 2 L 0.8
< 001 ] 2 001 ] i
20015 +¥———+——+—+—+—++ 10 20015 +——+————+—++ 10
e 9% Friedel's salt N 9% Friedel's salt
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chlorides determined with potentiometric titration (see Figure 3).
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8 Appendix
8.1 Hydrate phase assemblage in the exposed samples

8.1.1 XRD

Figure A1 a), b) and Figure A2 a), b) show the XRD patterns between 8 and 13 °20 for the samples
containing dolomite exposed to NaCl or CaCl; and their reference samples exposed to deionized
water. The peak positions of ettringite (Et - 9.1 °26), monosulphate (Ms - 9.9 °20), Friedel’s salt
(Fs - 11.2 °28), monocarbonate (Mc - 11.7 °28), hydrotalcite (Ht - approx. 11.4 °268) and the
chloride-containing hydrotalcite (Htc - approx. 11.1-11.3 °26) are also indicated.

Whether exposed to NaCl or CaCly, the samples show very similar qualitative phase assemblages,

so they are described together in the following, with differences highlighted.

Sample 60C40D shows a qualitatively similar phase assemblage whether cured at 38 °C or 60 °C.
In both cases, hydrotalcite was observed in the reference samples exposed to water and, with
chloride exposure, this peak shifted to lower angles. This shift was reported to be due to the
formation of a chloride-containing hydrotalcite-like phase [13]. The peaks of hydrotalcite and
chloride-containing hydrotalcite were both higher in samples cured at 60 °C than in samples cured
at 38°C. In samples with metakaolin added in combination with dolomite (60C35D5M),
monocarbonate was observed as well as a small peak of hydrotalcite in the reference samples
cured at 38 °C. In the samples exposed to chloride solutions, the monocarbonate transformed to
Friedel's salt. The Friedel’s salt and chloride-containing hydrotalcite peaks overlap, so no
conclusion on the presence of small amounts of chloride-containing hydrotalcite can be drawn for
this sample with XRD. Cured at 60 °C, sample 60C35D5M showed no peaks of monocarbonate or
Friedel's salt. As with sample 60C40D only hydrotalcite, in the case of water exposure, or the
chloride-containing hydrotalcite, in the case of chloride exposure, were observed. The ettringite
observed in the reference samples seemed to be reduced by the exposure to chloride solutions or
to disappear completely. The only exception was sample 60C35D5M, which also showed an
increase in the ettringite peak when originally cured at 60 °C as opposed to 38 °C. For the
compositions for which ettringite could be observed when exposed to deionized water, a

monosulphate-14H peak was observed instead of ettringite when exposed to CaCls.

Figure A3 a), b) and Figure A4 a), b) show the XRD patterns of the samples containing limestone
exposed to NaCl or CaCl; and their reference samples exposed to deionized water. In samples
containing limestone cured at 38 °C, the AFm phase observed in water-exposed samples was

monocarbonate, while in chloride-exposed samples the AFm phase was mainly Friedel’s salt. No
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monocarbonate peak was observed in any of the samples cured at 60 °C, and only a small hump
of Friedel’s salt was detected in sample 60C35L5M (60 °C) exposed to NaCl. As with the samples
containing dolomite, the ettringite peak seemed to be reduced by exposure to chloride solutions
and a monosulphate-14H peak was observed in the samples exposed to CaCl,. Sample 60C40L
showed an especially high ettringite peak in the samples cured at 60 °C compared to 38 °C.

8.1.2 TGA
The TGA results for the samples exposed to NaCl or CaCl; were generally quite similar so they are

described together in the following, with differences highlighted.

Figure A1l c), d) and Figure A2 c), d) show the DTG curves of the samples containing dolomite
exposed to NaCl or CaCl; and their reference samples, which were exposed to deionized water.
Samples containing dolomite and cured at 38 °C showed a clear ettringite peak in samples exposed
to deionized water, and to a lesser degree in the samples exposed to NaCl or CaCl,. The samples
containing a combination of metakaolin and dolomite showed a clear peak of monocarbonate
where exposed to water, and of Friedel’s salt were exposed to chloride solution. Neither
monocarbonate nor Friedel’s salt were observed with TGA in samples containing dolomite that
did not contain metakaolin, indicating that most of the aluminium is bound in the hydrotalcite.
The only exception to this was sample 60C40D exposed to CaCl,, which showed a small peak of
Friedel's salt. Due to the overlap of the second peak of Friedel’s salt (approx. 370 °C) with the
decomposition temperature of chloride-containing hydrotalcite, the appearance of the first peak
(approx. 150 °C) was used to identify Friedel’s salt in the sample. This first Friedel’s salt peak was
more pronounced in samples exposed to CaCl; than in samples exposed to NaCl. This observation
confirms the findings of Shi et al., who reported additional formation of Friedel’s salt in samples
exposed to CaCl; due to the increased availability of calcium ions [3]. Hydrotalcite also showed
two peaks in TGA, the first of which (approx. 220 °C) was significantly reduced or completely
vanished in the samples exposed to chloride solutions instead of deionized water. The second
peak of hydrotalcite (approx. 400 °C) shifted to lower temperatures (approx. 370 °C) in samples
exposed to chloride solutions. On this peak, the shoulder of a Friedel’s salt peak at even lower
temperatures was observed in samples that also showed the first Friedel’s salt peak. The
portlandite peak seemed little affected by exposure to NaCl, but it was significantly lower in

samples containing metakaolin or exposed to CaCl,.

In samples containing dolomite cured at 60 °C, the ettringite peak was significantly lower
compared to 38°C, especially in samples containing no metakaolin. AFm phases like

monocarbonate or Friedel’s salt were no longer observed. Only sample 60C40D cured at 60 °C and
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exposed to CaCl; showed a peak of monocarbonate. The peaks related to hydrotalcite or chloride-
containing hydrotalcite were higher than in samples cured at 38 °C. In both cases, the chloride-
containing hydrotalcite could be distinguished by the significantly lower or missing first peak and
the shift to lower temperatures of the second peak compared to the normal hydrotalcite. This was
observed in all samples except sample 60C35D5M cured at 60 °C exposed to NaCl, which showed
only a slight decrease in the first peak and no shift for the second peak. In samples cured at 60 °C,
the portlandite content seemed lower in samples with NaCl exposure, metakaolin addition and

especially with CaCl, exposure.

The DTG curves for the samples containing limestone exposed to NaCl or CaCl; and their reference
samples exposed to deionized water are shown in Figure A3 c), d) and Figure A4 c), d). Like the
samples containing dolomite, the samples containing limestone cured at 38 °C, showed a clear
ettringite peak at low temperatures that seemed to decrease when exposed to NaCl or CaCl;
compared to the references exposed to water. In the latter case, there was a clear peak of
monocarbonate, which was even greater for samples containing metakaolin. In samples exposed
to CaCly, a clear Friedel’s salt peak was observed instead of monocarbonate. This was also the case
in samples exposed to NaCl, but it was less clear and combined with a monocarbonate peak. The
reference samples containing limestone exposed to deionized water also showed very small peaks
in the temperature region of hydrotalcite. This weightloss might be caused by hydrotalcite formed
due to the large amount of magnesium present in the cement (Table 1). In the samples containing
limestone exposed to NaCl or CaCly, a clear peak of Friedel’s salt and what was probably a small
peak of chloride-containing hydrotalcite was observed. As with the samples containing dolomite,

the portlandite peak was only affected by the presence of metakaolin or the exposure to CaCl..

In samples containing limestone cured at 60 °C, the ettringite peak was again lower than in those
cured at 38 °C, though the decrease was not as great as in the samples containing dolomite. No
AFm phases were observed with TGA, except for a small peak of Friedel’s salt in sample 60C35L5M
exposed to CaCly. As in the samples containing dolomite, the peaks related to hydrotalcite were
higher in samples cured at 60 °C than in samples cured at 38 °C. The Friedel’s salt peak in the
chloride-exposed samples showed a clear asymmetry or a double peak, indicating also an increase
in the amount of chloride-containing hydrotalcite. The portlandite peak was reduced by both

chloride exposures, but especially by exposure to CaCl,, and in samples with metakaolin.
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Figure A1: Phase assemblage of the samples containing dolomite cured at 38 °C or 60 °C that were exposed to 2 mol/L
NaCl compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, and c) and d) show the DTG curves of these samples from 40-900 °C.
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Figure A2: Phase assemblage of the samples containing dolomite cured at 38 °C or 60 °C that were exposed to 2 mol/L
CaCl2 compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, ¢) and d) show the DTG curves of these samples from 40-900 °C.
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Figure A3: Phase assemblage of the samples containing limestone cured at 38 °C or 60 °C that were exposed to 2 mol/L
NaCl compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, ¢) and d) show the DTG curves of these samples from 40-900 °C.
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Figure A4: Phase assemblage of the samples containing limestone cured at 38 °C or 60 °C that were exposed to 2 mol/L
CaCl2 compared with their reference samples exposed to deionized water. a) and b) show the XRD patterns of these
samples between 8 and 13 °26, ¢) and d) show the DTG curves of these samples from 40-900 °C.
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