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Abstract

Chloride binding is investigated for Portland cement — metakaolin — limestone pastes exposed
to CaCl> and NaCl solutions. The phase assemblages and the amount of Friedel’s salt are
evaluated using TGA, XRD and thermodynamic modeling. A larger amount of Friedel’s salt is
observed in the metakaolin blends compared to the pure Portland cement. A higher total
chloride binding is observed for the pastes exposed to the CaCl> solution relative to those in the
NaCl solution. This is reflected by the fact that calcium increases the quantity of Friedel’s salt
in the metakaolin blends by promoting the transformation of stratlingite and/or monocarbonate
to Friedel’s salt. Calcium increases also the amount of chloride in the diffuse layer of the C-S-
H for the pure cement. A linear correlation between the total bound chloride and the uptake of
calcium from the CaCl> solution is obtained and found to be independent on the type of cement
blend.

Keywords: Chloride (D); Metakaolin (D); pH (A); Calcium-Silicate-Hydrate (C-S-H) (B);

Thermodynamic Calculations (B).
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1 Introduction

Corrosion of steel reinforcement leads to loss of structural integrity and serviceability of
reinforced concrete. An important contribution to this degradation is penetration of chloride
ions from de-icing salt or sea water into reinforced concrete, which results in depassivation of
the steel reinforcement when the chloride concentration exceeds a certain threshold level [1].
Attention to this problem has been paid for more than fifty years, during which significant
research efforts have been made and several reviews have been published on this issue [2-5].
According to published studies, chloride ions in chloride exposed concrete are chemically
bound in Friedel’s salt (CasAl2(OH)12Cl2-4H20) or present in the diffuse layer of the calcium-
silicate-hydrate (C-S-H) phase, where both forms are often referred to as bound chloride. The
remaining chloride ions are present in the pore solution, i.e., as free chloride. One of the
commonly used methods to evaluate the chloride resistance of concrete is to determine its
chloride diffusion coefficient based on the total chloride profiles (i.e., the total chloride content
as function of the ingress depth), which is mainly affected by the pore structure [6, 7]. In
addition to physical restrictions, several studies have also stated that chloride binding by the
hydrated cement in concrete may affect the rate of chloride ingress [2, 8-11]. However, a recent
study [12] has strongly indicated that chloride ions pass easily through the diffusion layer of
the C-S-H. These findings from the literature underline the needs to further improve our
knowledge on the different chloride binding mechanisms in order to assess the chloride
resistance of concrete.

An efficient approach to enhance the chloride binding capacity of concrete is to partially
replace Portland cement by alumina-rich supplementary cementitious materials (SCMs) [13-
18], which are also beneficial for improvement of the pore structure [15, 19] and strength
enhancement [19, 20] when an optimized replacement level is used. Heat-treated clay minerals
represent a promising source of SCMs, as they are rich in alumina and silica. Furthermore,
calcined clays receive increasing research interest because of their lower carbon footprint as
compared to Portland cement and high abundance in the Earth’s crust which make them
attractive alternatives to industrial byproducts such as fly ash and slag. Limestone represents
another type of SCM which is found to generate a synergetic effect with alumina-rich SCMs in
blended Portland cements [21, 22]. The presence of such synergetic effects promotes the
combined utilization of calcined clays (e.g. metakaolin) and limestone to replace Portland
cement at high replacement levels without sacrificing the compressive strength of the resulting
concrete [23, 24]. Significant research efforts have been devoted to the development and

characterization of Portland cement — calcined clay — limestone blends, as recently summarized
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in ref. [25]. The present work focuses on the chloride binding in Portland cement — metakaolin
— limestone blends. A series of other durability investigations, i.e., chloride ingress,
carbonation and resistance to sulfate attack, have recently been presented for very similar
blends [7, 26, 27].

The main contribution of alumina-rich SCMs on chloride binding is generally believed to be
related to the alumina content of the mixture through formation of Friedel’s salt. Very few
studies focus on the chloride adsorption in the diffuse layer of the C-S-H phase in these blends,
even though evidence for physical chloride binding on the surface of the C-S-H phase has been
reported in several studies for synthetic C-S-H phases [28-30], hydrated CasSiOs (CsS) [31, 32],
Portland cement [33], and silica fume — lime blends [34]. Because of the variations in
composition and structure of the C-S-H phase, the physical chloride binding in the diffuse layer
on the surface of the C-S-H becomes more complicated, which prevents the development of a
reliable approach to evaluate its contribution to the measured total chloride binding, particular
in blends with alumina-rich SCMs.

Several studies have also reported that the associated cations (e.g. Ca?*) have a significant
influence on chloride binding [17, 30, 32, 35-40]. A consistent conclusion from these
investigations is that a higher total chloride binding is observed for samples exposed to CaCl>
solutions as compared to NaCl solutions of the same chloride-ion concentration. The chloride
binding has also been observed to increase with decreasing pH of the CaCl, exposure solutions
with increasing chloride-ion concentration [32, 36, 37, 40, 41]. A linear relationship between
the pH of the exposure solution (i.e., for solutions of MgCl, CaCl, and NaCl) and the chloride
binding has been established which is found to be independent of type of salt [37]. Based on
this observation, it was concluded that the impact of different cations on the chloride binding is
mainly governed by the pH of the exposure solution. However, it should be noted that these
studies generally focused on synthetic C-S-H samples, hydrated C3S and Portland cements
whereas only a very few investigations have considered this effect for blends of Portland
cement with SCMs. Thus, the conclusions, in particular for the pH dependency of the chloride
binding, need to be verified for systems including SCMs. Furthermore, the driving force of the
pH change on chloride binding should be analyzed in more detail to achieve a better
understanding of the mechanisms of chloride binding.

The aim of this work is to investigate the impact of cations, Ca* vs. Na*, on chloride binding
in Portland cement — metakaolin — limestone blends. The total chloride binding isotherms are
determined in order to evaluate the total chloride binding capacity of different blends exposed

to NaCl and CaCl> solutions. The chloride binding in Friedel’s salt is examined by data from
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thermodynamic modeling and quantitative X-ray diffraction. The amount of chloride
associated with the C-S-H phase is calculated by subtracting the amount of bound chloride in
Friedel’s salt from the total bound chloride determined by an equilibrium approach. The phase
assemblages are analyzed by thermogravimetric analysis, X-ray diffraction and thermodynamic
modelling. The pH values as well as the concentrations of chloride and calcium ions in the
exposure solution are also determined. Based on these investigations, the role of calcium on

chloride binding is assessed for Portland cement — metakaolin — limestone blends.

2  Experimental
The experimental setup, including preparation of the pastes, the exposure experiments and the
analysis of the solids and solutions for obtaining the chloride binding isotherms, follows

procedures described recently [37, 41].

2.1 Materials

The binders used in this study were made from a white Portland cement (wPc, CEM 1 52.5 N),
metakaolin (MK) and limestone (LS). The wPc was produced by Aalborg Portland A/S,
Denmark, and included 3.1 wt.% LS, 4.1 wt.% gypsum and 1.9 % wt.% free lime. The MK
was produced in the laboratory from kaolinite (Kaolinite Supreme™, Imerys Performance
Minerals, UK) by thermal treatment in air at 550 °C for 20 h. The LS was a Maastrichtian
chalk from Rerdal, Northern Denmark. The chemical compositions determined by X-ray
fluorescence (XRF), the density and Blaine fineness for the starting materials are given in
Table 1. The wPc contained 64.9 wt.% alite (“3CaO-SiO2”: CsS), 16.9 wt.% belite
(“2Ca0-Si0y”: C,S) and 7.8 wt.% calcium aluminate (3CaO-Al20s: C3A). The content of the
silicate phases were determined by 2°Si MAS NMR, assuming the Taylor compositions for
these phases [42] and the quantity of the calcium aluminate phase by subsequent mass balance
calculations. The small amount of iron is expected to be incorporated as guest ions in the alite,
belite and C3A phases. The salts, NaCl and CaCl,-6H-0, of laboratory grade were dissolved in
distilled water to prepare exposure solutions with the following chloride-ion concentrations: 0
(reference), 0.125, 0.25, 0.50, 1.0 and 2.0 mol/L. The actual concentrations were checked by

titration prior to use.

2.2 Preparation of cement pastes
The binder compositions (Table 2) are the same as those used for mortars for carbonation

experiments in another study [26]. The degrees of hydration for alite, belite and MK in
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corresponding paste samples, measured by 2°Si MAS NMR, are summarized in Table 3 [43].
Three types of pastes (P, ML and M) as listed in Table 2 have been produced with the same
water/binder ratio (w/b = 0.5) by mass. For each paste, deionized water was added to the
cement blend and the paste was mixed (100 g blended cement + 50 g water for each mixing) by
a motorized stirrer (Heidolph® RZR-2, Germany) equipped with a custom-made paddle (g 45
mm). The mixing employed a rotational speed of 500 rpm for 3 minutes, then no rotation for 2
minutes, followed by mixing at 2000 rpm for 2 minutes, and the blend was then cast and sealed
in a plastic bag. The fresh paste in the bags was flattened to a thickness of about 5 mm to
facilitate the release of heat during hydration and avoid formation of hydration shells around
the hydrating cement grains in order to maximize the degree of hydration [44]. For the same
purpose of releasing heat during initial hydration, the pastes were sealed cured in a moist
cabinet at 5 °C for the first three days followed by an additional curing in a moist room with
relative humidity higher than 98% at 20 °C for about 2 months. Then the cement paste plates
were crushed in a ceramic mortar to particles with a diameter of approximately 1 mm. The
resulting powder was collected then in a one-liter polypropylene bottle and mixed with distilled
water (30 % by mass of the powdered cement paste). The new mixes with a resulting w/b of
0.95 were stored in bottles and rotated slowly along the longitudinal axis for additional 7 days
at 20 °C. Each moist cement paste was crushed and homogenized with a stainless steel bar,
resulting in a sample with the appearance as “moist sand”. This procedure for preparation of
the pastes aims to maximize the degree of hydration of the cement pastes and minimize
possible carbonation prior to chloride exposure [37, 41]. Moreover, a possible minor degree of
bleeding for the freshly prepared pastes (w/b = 0.50) may only give minor contribution to
heterogeneity in the samples as they have been ground and rehydrated with additional water

after 2 months of hydration.

2.3 Chloride exposure

The well-hydrated pastes were exposed to the chloride solutions by the following procedure:
30.0 g of the hydrated cement paste (w/b = 0.95) was weighed into a 45 mL plastic centrifuge
tube and 15.0 mL of the chloride solution was added. A reference sample exposed to the same
amount of distilled water was also prepared. The samples were sealed, stored in the plastic
centrifuge tubes at 20 °C for 2 months and shaken regularly prior to analysis. The samples were
prepared with different numbers of replicates (one reference sample for distilled water, two
samples for the 0.125, 0.25, and 2.0 mol/L chloride-ion solutions, and three samples for the

0.50 and 1.0 mol/L chloride-ion concentrations).

-6-
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2.4 Methods

2.4.1 Thermodynamic modeling

Thermodynamic modeling was carried out using the Gibbs free energy minimization software

GEMS 3.3 [45, 46], which calculates the equilibrium phase assemblages in chemical systems

from their total bulk elemental composition. The default databases were expanded with the

CEMDATAL14 database [45, 46] including solubility products of the solids relevant for

cementitious materials. For the C-S-H phase, the CSHQ model proposed by Kulik [47] was

used.

The changes in phase assemblages upon exposure to the chloride solutions were predicted for

the different blends. The phase compositions of the chloride-free blends after hydration for 91

days (> 70 days of sample preparation) were calculated using the degrees of hydration for alite,

belite, and metakaolin, as determined by ?°Si MAS NMR [43] (c.f., Table 3). These data
indicate that only a minor increase in the degree of hydration takes place during the chloride
exposure; full hydration is assumed for the calcium aluminate phase as supported by 2’Al MAS

NMR [43].

The effect of the NaCl and CaCl; solutions was modelled for chloride concentrations between

0.0 and 2.0 mol/L, employing the same amount of water as in the experiments (i.e., 192.5 g

water per 100 g anhydrous cement blend including the mixing water of the pastes). This allows

prediction of the progressive change in phases with increasing chloride concentration after
reaching an equilibrium condition. The activity coefficients were calculated using the extended

Debye—Hiickel equation in the Truesdell-Jones form with ion size and extended term

parameter for NaCl (& = 3.72 A and b, = 0.064 kg/mol) [48], which is applicable up to an ionic

strength of approx. 1 - 2 mol/L [49]. While at higher ionic strength the use of the Pitzer activity
corrections would result in more precise aqueous concentrations, the use of extended Debye—

Hickel equation has no significant effect on the amount of solid phases calculated in the

system studied. During the calculations, the following simplifications were made:

(i)  The uptake of alkali ions by the C-S-H phase is taken into account by employing an ideal
solid-solution model between the C-S-H phase and two hypothetical alkali silicate
hydrates, ((KOH)25SiO2H20)0.2 and ((NaOH)25Si02H20)0.2 [50], as proposed by Kulik et
al. [51].

(i) The uptake of aluminum and sulfur by the C-S-H is taken into account by using the
reported Al/Si [43] and S/Si [52] ratios summarized in Table 2. The release of Al from
CsS and C»S during hydration is also considered in the calculations.

-7-
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(iii) The model for Kuzel’s salt and Friedel’s salt includes pure Kuzel’s salt and Friedel’s salt
and solid solutions of Friedel’s salt with carbonate (COz_AFm) and hydroxide
(OH_AFm) [53].

(iv) The uptake of chloride ions by the C-S-H is not taken into account. It will be estimated

by subtracting the chloride content in Friedel’s salt from the total bound chloride.

2.4.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed directly on moist paste samples after two
months of chloride exposure. A Mettler Toledo TGA/SDTA 851 instrument was used. About
1.0 g of the sample was loaded in a 900 pL alumina crucible and dried at 40 °C in the TGA
chamber purged with N2 for 4 — 5 h, followed by heating up to 950 °C at rate 10 °C/min.
Friedel’s salt formed in the pastes can be identified by TGA from the second of the two main
dehydroxylation peaks for Friedel’s salt in the temperature ranges 100 — 150 °C and 230 — 410
°C after chloride exposure. The two weight-loss regions reflect the release of four water
molecules from the interlayer between 100 to 150°C and six water from the main layer of the
Friedel’s salt structure at 230 — 410 °C [7, 54-56].

2.4.3 X-ray diffraction analysis

The samples used for the X-ray diffraction analysis (XRD) are the same as those used for TGA.
However, the hydration of the paste samples was stopped by immersing the sample first in 60
ml of isopropanol for 15 minutes. After filtration the residues were rinsed first with
isopropanol and then with diethyl ether. Subsequently, the pastes were dried at 40 °C for 5
minutes and gently ground by hand in an agate mortar. Preparation for the XRD measurements
was performed by backloading. The samples were measured without and with 20% CakF,
which was added as internal standard to quantify the total amount of amorphous and minor
crystalline phases. A PANalytical X Pert Pro MPD diffractometer with CuKay radiation in a 0
— 20 configuration was used. The samples were scanned between 5 — 70° 20 with the
X’Celerator detector during 60 minutes, applying an incident beam monochromator, a 0.5°
divergence slit, a 1° anti-scattering slit on the incident beam side and a 0.04 rad Soller slit on
the diffracted beam side. Rietveld refinements were performed using X’Pert HighScore Plus V.
3.0.5 using the crystal structures reported in ref. [57]. The background was fitted manually
using base points. The refinement procedure included the scale factors, lattice parameters, peak

shape parameters and preferred orientation for Friedel’s salt.
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2.4.4 Determination of the chloride binding isotherms

The “free water” content of the wet pastes (w/b=0.95) has been determined by
thermogravimetric analysis (TGA) prior to the chloride exposure. Approximately 1.0 g of the
wet paste was dried at 40 °C (and not at 105 °C as used recently [37, 41]) in the TGA chamber
purged with N2 for 4 — 5 h during which the weight of sample stabilized. The measured weight
loss at 40 °C (“free water” content) was 30.4 wt.% (P), 29.5 wt.% (ML) and 31.4 wt.% (M) of
the initial weight of the corresponding wet pastes. The chloride exposed paste samples stored
in the tubes were shaken and subsequently centrifuged after 2 months of chloride exposure.
However, it should be kept in mind that centrifuging extraction will not 100% remove the free
chloride ions from the pore solution, which will result in slightly higher amount of total bound
chloride reported. The pH was measured using a Metrohm 6.0255.100 Profitrode calibrated
with buffer solutions at predefined pH of 7.0, 10.0 and 13.0. The chloride concentration of the
extracted liquid phase at equilibrium was determined by potentiometric titration with 0.010 M
AgNOs(aq) using a Titrando 905 from Metrohm. A high-resolution Element 2 ICP-MS from
Thermo Scientific was used to determine the concentration of calcium in solution. The
solutions analyzed by ICP-MS were acidified to obtain a HNO3 concentration of 0.10 mol/L.
The chloride binding isotherms were obtained following recently described calculations [41],
which are summarized below. The initial chloride concentration (Cc; initia1) IS calculated from

the chloride concentration of the added solution (C¢j agqeq) as follows:

Ccladded*Vcladded
Celinitial = = v 1)
H,0 t Vcladded

where V¢ aqdeq 18 15.0 mL and Vy, o is the volume of “free water” available in 30.0 g of
hydrated paste sample which is 30.0 g x 30.4 wt.% = 9.1 g~ 9.1.0 mL for the P sample and 8.9
mL and 9.4 mL for the ML (29.5 wt.% of free water) and M (31.4 wt.% of free water) samples,
respectively. The bound chloride content (Cgtotalbound) IS Calculated from the measured

equilibrium chloride concentration in the liquid phase (Ccieq) by the relation:

Mc1X(Ccinitial— Ccleq)X(VH20+V cl,added)/1000 )
Mgample/(1+0.95)

CCl,total bound =

with M¢; = 35.45 g/mol, mgampie = 30.0 g, 0.95 being the w/b ratio of the wet pastes, and

Mgample/ (1 + 0.95) as the amount of unhydrated cement blend needed for producing 30.0 g of
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the resulting paste. Thus, the bound chloride content is reported as g/g of unhydrated cement
blend. In the present study, the discussion on the chloride binding is based on the general
agreement from published studies that the major phases for binding chloride are Friedel’s salt
and the C-S-H. The possible minor uptake of chloride ions by other phases (e.g. ettringite and
portlandite etc.), as reported in the literature [58], and possible physical adsorption of chloride
on the positive charged surface of Friedel’s salt [58] is considered to be negligible. Thus, the
amount of chloride associated with the C-S-H (Clc_s_y) can be estimated from the measured
total bound chloride (Clioa1) by subtraction of the chloride content in Friedel’s salt (Clgg)

predicted by thermodynamic modeling, i.e.,

Cc1,c—s—H = CCl,totalbound - CCl,Fs (3)

In addition, the calcium binding isotherm reflecting the uptake of calcium by hydration
products from the CaCl> solution has also been determined. The initial calcium concentration is
calculated as Ccginitial = Cclinitial /2 based on the charge balance. The bound calcium

(Ccabouna) is calculated from the measured equilibrium calcium concentration (Cc,eq) and the

initial calcium concentration (Cca initia1) in the liquid phase according to Eq. (4):

McaX(Cca,initial— Cca,eq)X(VH20*+Vca,added)/1000 (4)
Mgample/(1+0.95)

CCa,bound =

where Ve, added = Vel added Mca = 40.08 g/mol. It should be noted that the Ca®* ions dissolved
from hydration products in the pore solution are not taken into account in Cc initia;, DUt May

not be excluded for Cc, eq-

3 Results and discussion

3.1 Phase assemblages

3.1.1 Thermodynamic modeling

Thermodynamic modeling is employed to predict the phase assemblages for the P, ML and M
pastes exposed to the NaCl and CacCl; solutions as shown in Fig. 1. It is predicted that the main
hydrates in the P paste before chloride exposure are C-S-H (Ca/Si=1.63), portlandite
(Ca(OH)y), ettringite (CasAl2(SO4)3(0OH)12:26H20), monocarbonate (CasAl.CO3(OH)12-5H20),
calcium carbonate (CaCQz) and a minor amount of hydrotalcite (MgsAl2(OH)14-3H20). Similar
hydrates are predicted for the ML and M pastes, although the C-S-H phase exhibits a lower

-10-
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Ca/Si ratio of 1.29 and no portlandite remains as a result of the pozzolanic reaction of
metakaolin. In addition, the presence of stratlingite (CasAl2(OH)12[AlISi(OH)s]2:2H20) is
predicted for the M paste. The predicted phase assemblages for the P, ML and M pastes are in
good agreement with the experimental data obtained by XRD, ?’Al and ?°Si MAS NMR [43].

When the NaCl and CaCl, solutions are added to the hydrated P and ML pastes, the
replacement of monocarbonate with consumption of calcium from portlandite or the CaCl.
solution by Friedel’s salt (CasAl2Cl2(OH)12-4H20) and calcium carbonate is predicted,
according to Egs. (5) and (6). A slight reduction of the amount of ettringite is also predicted as

seen in Fig. 1.

CasAlL,CO3(OH)12-5H,0 + 2 NaCl + Ca(OH)2 — CasAlCly(OH)12-4H,0 + CaCOs
+ 2Na* + 20H + H,0 (5)

CasAl,CO3(0OH)12:5H20 + CaCl, — CasAlCl2(OH)12:4H,O + CaCOs + H.0 (6)

For the M paste, a destabilization of some ettringite and the formation of Kuzel’s salt
(CasAlLCI(SO4)0.5(0OH)12:6H20) are predicted at low chloride concentration. At higher chloride
concentrations, instead Friedel’s salt formation is calculated and the destabilization of
stratlingite and calcium from high-Ca C-S-H (similar to the destabilization of calcium from
portlandite) to Friedel’s salt and low-Ca C-S-H is predicted. The conceptual reaction is
exemplified in Eq. (7), where the high-Ca C-S-H is represented by Ca(OH). on the reactant
side whereas CaO-SiO-2H>0 corresponds to a low-Ca C-S-H phase on the product side. Thus,
Eq. (7) shows that the destabilization of stratlingite is associated with a reduction of the Ca/Si
ratio in the C-S-H. The amount of Friedel’s salt formed in the ML and M pastes in the presence
of NaCl is limited by the availability of calcium and thus also a very small amount or no
precipitation of calcium carbonate is calculated. Transformation of monocarbonate to Friedel’s
salt with precipitation of calcium carbonate is predicted for the M paste only when it is exposed

to the CaCl. solution.

CazAlSi04(OH)s-5H20 + 2 NaCl + 3 Ca(OH), + 2 H.0 —
CasAL,Clo(OH)12-4H,0 + 2 Na* +2 OH + Ca0-Si0z2-2H.0  (7)

-11 -
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3.1.2 Thermogravimetric analysis

The presence of Friedel’s salt in the P, ML and M pastes after exposure to the NaCl and CaCl;
solutions is analyzed by TGA, and the differential thermogravimetric (DTG) curves are shown
in Fig. 2. The DTG curves for the P paste exposed to distilled water show the presence of C-S-
H, ettringite and monocarbonate (50 — 300 °C), portlandite (400 — 600 °C) and calcium
carbonate (600 — 800 °C). For the ML and M pastes exposed to distilled water, minor amounts
of portlandite are still detected as a result of the heterogeneity of the hydrating material.
Furthermore, decomposition of stratlingite at about 250 °C is observed for the M paste. The
results are generally in good agreement with those observed for mortars made from the same
binder materials [7, 24, 26] and with the phase assemblages predicted by thermodynamic
modeling in Fig. 1.

For all pastes exposed to the NaCl and CaCl> solutions at high chloride concentration,
additional weight losses (150 — 200 °C and 280 — 400 °C) related to Friedel’s salt are observed,
as shown in Fig. 2. The results show that the intensity of the DTG peaks associated with the six
main layer water molecules in Friedel’s salt (280 — 400 °C) increases with increasing chloride
concentration. The formation of Friedel’s salt at higher concentrations is accompanied by a
consumption of the monocarbonate and/or strétlingite phases as observed from the weight loss
at lower temperature around 200 — 250 °C in the DTG curves. Clearly, more Friedel’s salt is
observed in the metakaolin containing blends, in particular in the presence of high CaCl;
concentrations. The identification and transformation of phases observed by TGA confirm the

results predicted by thermodynamic modeling (Fig. 1).

3.1.3 X-ray diffraction analysis

The changes in phase assemblages for the P, ML and M pastes exposed to different chloride
concentrations of the CaCl, solution are also analyzed by XRD as shown in Fig. 3. The XRD
patterns show that the main crystalline hydration products detected in the P paste are ettringite
and portlandite. For the ML and M pastes, minor amounts of portlandite are detected, whereas
large amounts of monocarbonate and stratlingite are observed in the ML and M pastes,
respectively. With increasing chloride concentration from 0.25 mol/L to 1.0 mol/L and 2.0
mol/L, the intensity of the reflections associated with Friedel’s salt increases followed by the
decrease of the reflection intensity for monocarbonate and strétlingite. A minor reflection
associated with Kuzel’s salt is also detected for the M paste exposed 0.25 mol/L CaCl; solution.
The results observed from the XRD patterns confirm those observed from the DTG curves (Fig.

2) and those predicted by thermodynamic modeling (Fig. 1).
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3.2 Total chloride binding isotherms

3.2.1 Effect of the types of cations and binder composition

The total chloride binding isotherms for the P, ML and M pastes exposed to the NaCl and
CaCl, solutions of varying chloride concentrations are given in Fig. 4. The isotherms are
calculated following the methods described in section 2.4.4 by using the measured
concentrations presented in Table 4. A higher total chloride binding is observed not only for
the P paste but also for the ML and M pastes when they are exposed to the CaCl> solution as
compared to the corresponding paste exposed to the NaCl solution. Similar observations for
chloride-exposed hydrated Portland cement can also be found in several other studies [17, 32,
35-37]. This observation implies that calcium in the exposure solution plays an important role
in enhancing chloride binding for both hydrated Portland cement and blended cements. The
role of calcium on chloride binding will be further discussed in section 3.5.

The results in Fig. 4 also show that partial substitution of the wPc with MK or MK and LS
increases the total chloride binding. This observation is consistent with earlier studies [13, 59]
and with the higher amount of Friedel’s salt in the blended cement systems predicted by
thermodynamic modeling (Fig. 1). There is no major difference in total chloride binding

between the ML and M pastes.

3.3 Assessment of the chloride distribution in solids

3.3.1 Chloride bound as Friedel’s salt

The present work utilizes the results of the degree of reaction for the principal phases from a
29Si NMR study of paste samples of the same blends by Dai [43] in combination with
thermodynamic modeling to quantify the amount of Friedel’s salt formed. The results are
compared with those from XRD/Rietveld analysis performed on several selected samples as
shown in Fig. 5a. The good agreement between the thermodynamic calculations and
XRD/Rietveld analysis suggests a reliable prediction of the Friedel’s salt content from
thermodynamic modeling. The calculated amounts of CI bound as Friedel’s salt by
thermodynamic modeling is presented in Fig. 5b. For the P pastes, the results show that the
constant (maximum) amount of chloride binding by the formation of Friedel’s salt is
independent on the type of cations. Based on the obtained amount of Friedel’s salt together
with the calcium aluminate (CsA) content of the studied Portland cement, it can be calculated

that only 20 % of the C3A is consumed for the formation of the actual amounts of Friedel’s salt,
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which is consistent with the fraction determined for chloride exposed mortars in a parallel
study [7]. The main fraction of aluminum remains in the ettringite phase as predicted by
thermodynamic modeling. For the ML and M pastes, thermodynamic modeling shows that the
maximum binding capacity with respect to transformation of the maximum amount of
monocarbonate has not been obtained for the ML and M pastes exposed to the NaCl solution
(Fig. 1c,e). This is related to the limited availability of calcium, which prevents the further
formation of Friedel’s salt as exemplified in Eq. (7). Similar to the present study, an earlier
study of ten hydrated cement pastes containing limestone and different pozzolanic materials
[60] reported that the presence of alkalis hinders the formation of chloride-bearing AFm phases.
According to the present work, this can be explained by an insufficient amount of calcium in
the exposure solution, inhibiting the transformation of strétlingite and/or monocarbonate to
Friedel’s salt according to Egs. (5), (6) and (7). For all samples, thermodynamic modeling also
predicts that the formation of Friedel’s salt starts at lower chloride concentration for the CaCl,
exposure as compared to the NaCl exposure, (e.g. 0.2 mol/L vs. 0.4 mol/L for ML pastes). This
finding indicates that calcium plays an important role in facilitating the formation of Friedel’s
salt.

Several studies have reported that the addition of alumina-rich SCMs increase the chloride
binding due to formation of an additional amount of Friedel’s salt. This is confirmed in the
present study by thermodynamic modeling and the amounts of Friedel’s salt obtained from
XRD/Rietveld analysis in Fig. 5. Both the experimental and thermodynamic modeling data
show that a higher amount of Friedel’s salt is formed for the metakaolin blends as compared to
the plain Portland cement.

3.3.2 Chloride associated with C-S-H

An attempt to evaluate the relative differences in chloride content associated with the C-S-H
phase is made for the samples exposed to chloride solutions with different associated cations
(i.e., Na" and Ca?"). No significant chloride binding in the C-S-H phase is observed for the M
and ML pastes as seen by comparing the data from Fig. 4b and Fig. 5b. The chloride ions
associated with the C-S-H in the P samples are shown in Fig. 6. These data are obtained by
subtracting the chloride bound as Friedel’s salt obtained from thermodynamic modelling from
the amount of total bound chloride. For the P sample (Fig.6a), it is clear that the presence of an
additional amount of Ca?* ions in the exposure solution increases the amount of chloride in the
diffuse layer of the C-S-H phase as compared to the NaCl solution. According to the studies of

Nonat and coworkers [28, 61], this can be explained by the sorption of calcium onto the

-14 -



452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

470
471

472
473
474
475
476
477
478
479
480
481
482
483
484

negatively charged C-S-H surface, according to Eq. (8), which can lead to a positively charged
surface at higher calcium concentrations. In the presence of chloride, this positively charged
surface is compensated by chloride ions in the diffuse layer of the C-S-H phase according to Eq.
(9) as described in earlier studies [28, 30].
=Si0~ + Ca?* « =Si0~Ca?* (8)
=Si0~Ca?* + 2CI~ « =Si0~Ca?*2Cl~ 9)

3.3.3 Contribution from Friedel’s salt and the C-S-H phase to the total chloride binding
Based on the discussion above, the contribution from Friedel’s salt and the C-S-H phase to the
total chloride binding can potentially be evaluated. For the P paste exposed to the NaCl
solution, the total chloride binding and its maximum binding capacity (Fig. 4a) are mainly
determined by the chloride binding as Friedel’s salt. When the P paste is exposed to the CaCl;
solution, the higher and continuous increase in the total chloride binding (Fig. 4b) originates
from chloride in the diffuse layer of the C-S-H (Fig. 6a), since the maximum chloride binding
as Friedel’s salt is reached (Fig. 5b). An increase in the total chloride binding is observed when
metakaolin is used to replace Portland cement (Fig. 4a, b), which is ascribed to the formation
of more Friedel’s salt rather than chloride binding in the C-S-H phase, since there is no clear

evidence of a chloride adsorption on the C-S-H phase in the ML and M pastes.

3.4 pH values

3.4.1 Effect of the exposure solution on pH

The measured pH values for the supernatants of the NaCl and CaCl; exposure solutions for the
P, ML and M pastes are shown in Table 4 and Fig. 7. The results show a lower pH for the ML
and M pastes than for the P paste as already observed for hydrated blended cements [62]. There
is a minor increase in pH when the pastes are exposed to NaCl solutions compared to the pastes
exposed to distilled water, which has also been observed earlier [37]. The increased pH in the
presence of NaCl(aq) is assumed to be related to the conversion of monocarbonate and
portlandite to Friedel’s salt, calcium carbonate and sodium hydroxide as described by Eq. (5),
which results in an increase of the OH’(aq) concentration. A significant decrease in pH is
observed with increasing chloride concentrations when the pastes are exposed to the CaCl»
solutions as also reported in other studies [36, 37, 63]. The decrease in pH upon the presence of
CaClz(aq) is not related to the conversion of monocarbonate to Friedel’s salt (see Eq. (6)), but

it may be caused by a calcium uptake by the C-S-H phase, since at high calcium concentrations,
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Ca2* can be adsorbed on the surface of the C-S-H [30, 61, 64], leading to a release of charge
balancing H* ions from the silanol groups to the exposure solution according to Eq. (8).

3.4.2 Relationship between pH and chloride binding

The relationship between the total amount of bound chloride and the pH of the exposure
solutions for P, ML and M pastes exposed to the NaCl and CaCl; solutions are shown in Fig. 8.
Since the changes in pH for the NaCl exposure solutions are small, only a minor effect of pH
on the binding is observed and the increased chloride binding for the pastes exposed to NaCl
solutions is mainly driven by the formation of Friedel’s salt. In contrast, an apparent
correlation between the total bound chloride and pH is obtained for the P paste exposed to the
CacCl; solution (Fig. 8a) as reported recently [37]. For the P paste, a small fraction of chloride
can be bound in Friedel’s salt as the studied Portland cement only forms a small amount of
AFm phases upon hydration. The additional uptake observed in the presence of CaClz(aq) but
not in the case of NaCl(aq) is thus related to chloride ions present in the diffuse layer of C-S-H.
A similar increase of chloride binding with decreasing pH has also been reported in earlier
studies [36, 37, 63]. The increased total chloride binding with lower pH has been ascribed to
less competition with OH" ions and thus a larger CI" uptake by the C-S-H [36, 38]. A similar
correlation can also be observed for the blended cements containing metakaolin with or
without limestone exposed to the CaCl, solution (Fig. 8b). Different from the P paste, the
additional uptake of chloride observed for the M and ML pastes in the presence of the CaCl;
solution compared to the NaCl solution is related to chloride ions present in Friedel’s salt and
not in the diffuse layer of the C-S-H (Fig. 5b).

3.5 Role of calcium in chloride binding

3.5.1 Relationship between pH and the calcium concentration

The impact of cations on chloride binding is related to the availability of calcium as discussed
above for Friedel’s salt and as observed by the amount of chloride ions in the diffuse layer of
the C-S-H in published studies [28, 30]. The apparent pH dependency of the chloride binding
in the case of CaCl. exposure (Fig. 8) can be explained by the intrinsic relation between pH
and the calcium concentrations of the pore solution as shown in Fig. 9, which is constructed
using the data in Table 4. The results show that the pH decreases with increased CaCl
concentration for the exposure solution for all the studied cement pastes. For this reason, the
uptake of calcium from the CaCl, exposure solution and its effect on the amount of total bound

chloride and chloride associated with the C-S-H will be evaluated in more detail below.
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3.5.2 Total calcium binding from the CaCl: solution

Similar to chloride binding, also the calcium ions added are taken up by cement hydrates in the
P, ML and M pastes as shown in Fig. 10. The uptake of calcium by the cement pastes increases
with increasing CaCl, concentration in the exposure solution, as expected. This trend is found
to be similar to that of the total chloride binding isotherm (Fig. 4). The increment of both the
calcium and chloride binding decreases at high chloride concentration, indicating that a
maximum calcium and chloride binding capacity is present in the hydrated cement blends. In
addition, both the calcium and chloride binding are found to be higher for the ML and M pastes
than for the P paste as expected, since a larger amount of calcium ions are needed to

accommaodate the released carbonate from monocarbonate for the formation of Friedel’s salt.

3.5.3 Relationship between bound chloride and bound calcium

The relationship between total bound chloride and total “bound” calcium (i.e., uptake of
calcium from the CaCl, exposure solution by hydration products) for the studied pastes is
shown in Fig. 11. The data show a linear correlation between the amount of total bound
chloride and the total “bound” calcium content from the CaCl, solution. More interestingly, the
ratio between total bound chloride and calcium is close to Cl/Ca = 2, independent of the type of
studied cement blend. The linear correlation between the bound Ca and bound chloride is
ascribed to the following mechanisms: (i) calcium promotes the formation of Friedel’s salt
(uptake of two chloride ions) plus CaCOs (one calcium) from monocarbonate according to Eq.
(6) and (ii) calcium increases the amount of chloride in the diffuse layer of the C-S-H, as
shown by Eqg. (9) and discussed in a recent study [30]. Overall, the results confirm that the
amount of bound calcium has a closer relation with the chloride binding than effects from pH.
No relationship between the bound chloride and bound calcium can be obtained for the P, ML
and M pastes exposed to the NaCl solutions, which reflects that no additional calcium is

introduced into these systems.

4 Conclusions

The chloride binding of Portland cement (P) — metakaolin (M) — limestone (L) blends exposed
to different concentrations of NaCl and CaCl; solutions has been investigated and based on the
analysis of the results from TGA, XRD, exposure solution elemental analysis and

thermodynamic modeling, the following conclusions can be drawn:
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(1) The use of metakaolin in Portland cement blends increases the chloride-binding capacity
compared to pure Portland cement. This is attributed to the formation of a larger quantity of
Friedel’s salt in the ML and M samples as compared to the P samples and it reflects that
metakaolin acts as an additional aluminum source.

(2) A larger quantity of chloride is bound in the P samples exposed to the CaCl solution as
compared to the NaCl solution. This is ascribed to the higher amount of available calcium ions,
which enhances the presence of chloride ions in the diffuse layer of the C-S-H, whereas the
amount of Friedel’s salt is independent of the type of cation in the NaCl or CaCl, exposure
solutions. For the ML and M samples exposed to the CaClz solution, the increased chloride
binding, as compared to NaCl exposure solution, is ascribed to the higher calcium
concentrations, which increase the formation of Friedel’s salt. A schematic drawing
summarizing the distribution of chloride ions in the hydrated cement blends is shown in Fig. 12.
(3) The pH is found to decrease with increasing CaCl, concentration as a result of the calcium
binding on the C-S-H surface resulting in a release of protons, whereas a minor increase in pH
is observed for increasing NaCl concentration as a result of the conversion of monocarbonate
to Friedel’s salt and calcium carbonate.

(4) Independent of the type of cement blends, the present results indicate that the calcium
concentration has a decisive role for the chloride binding as the uptake of chloride is found to
be coupled with the consumption of calcium from the exposure solution. A linear correlation
between the amounts of total bound chloride and total “bound” calcium from the CaCl:

exposure solution has been established with a Cl/Ca ratio close to 2:1.
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756  Tablel
757  Chemical compositions (wt.%), density and Blaine fineness for the starting materials.

wPc LS MK

SiO2 21.81 3.92 52.84
Al203 3.56 0.33 39.49
Fe203 0.24 0.14 1.42
CaO 66.13 53.73 0.22
MgO 1.10 0.35 0.48
K20 0.43 0.05 1.00
Na.O 0.04 0.08 0.05
SO3 3.37 0.05 0.06
TiO. 0.21 0.02 0.88
P20s 0.04 0.10 0.11
LOI 2.57 41.8 3.55
Density (kg/m®) 3080 2700 2530
Blaine fineness (m?/kg) 387 1211 1891
Carbon content 0.37 - -
CaCOs3 3.1 93.8 -

758

759

760 Table 2

761  Binder compositions for the produced mortars (wt.%).

Al/Si P S/ISi ¢
Blend wPc? MK LSs?

C-S-H (mol/mol)
P 100 0 0 0.067 0.03
ML 68.1 25.5 6.4 0.092 0.015
M 68.1 31.9 0 0.1 0.015

762 @ The wPc contains 3.1 wt.% limestone. Thus, the Portland clinker replacement level is 35.0
763  wit% for the ML and M blends.
764  ® Al/Si ratios determined from 2°Si MAS NMR for paste samples of the same blends [43].

765  (© S/Si ratios determined for synthetic C-S-H samples with different Ca/Si ratios [52]. The data
766  are related to the individual samples using the Ca/Si ratios determined for the C-S-H phases in
767  the paste samples in ref. [43].
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768  Table 3
769  Degrees of hydration (H, %)? for alite, belite and MK in hydrated paste samples after 28 — 182
770  days of hydration in demineralized water [43].
Alite belite MK
Blend
180d 28d 180d 28d 180d
P 95 25 63
ML 86 34 36 48 54
M 86 34 34 38 50
771 2 Determined from 2°Si MAS NMR [43] as H = (1 — I(t)/I(t=0)), where 1(t=0) and I(t) are the
772 intensities of the individual phases before and after hydration for the time (t), respectively.
773
774  Table 4
775  Measured chloride and calcium concentrations and pH values of the exposure solutions at
776  equilibrium.
NaCl CaCl,
Blend Cikjld]ded Replicates® ¢, Errors ¢, . Errors b Cos Errors ¢, Efrors ’
M Ml [mmp [mM] P Ml Ml [mmp [mM] P
P 0 1 0.001 - 10.2 - 12.9 - - - - 12.9
0.125 2 0.031 0001 119 24 130 0.019 0002 158 1.7 128
0.25 2 0.081 0.001 82 034 131 0047 0000 235 17 128
0.50 3 0.213 0.008 71 043 131 0.114 0004 491 11 126
1.0 3 0476 0013 73 036 131 0285 0004 126 1.7 124
2.0 2 1.078 0017 75 003 130 0.695 0.006 349 65 121
ML 0 1 - - - - 12.4 - - - - 12.4
0.125 2 0.012 0001 16 076 12,6 0.005 0001 55 36 124
0.25 2 0.036 0.000 12 022 127 0.012 0.000 3.2 03 123
0.50 3 0.137 0.002 10 011 126 0.042 0001 101 06 121
1.0 3 0.359 0.002 16 025 126 0.123 0003 504 38 118
2.0 2 0.862 0.027 16 004 126 0491 0011 227 03 114
M 0 1 0.001 - 2.8 - 124 - - - - 124
0.125 2 0.012 0.000 14 019 1256 0.005 0.000 4.6 - 12.3
0.25 2 0.047 0001 13 017 126 0017 0001 50 01 122
0.50 3 0.152 0007 1.6 05 126 0045 0.001 108 19 120
1.0 3 0369 0009 38 28 125 0.122 0003 564 44 113
2.0 2 0.892 0001 20 014 124 0419 0013 223 - 10.8
777 2 The measured chloride and calcium concentrations are the average of the values for the
778  number of replicates.
779
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783  Fig. 1. Phase assemblages for the P, ML and M pastes exposed to the NaCl and CaCl: solutions.
784  C-S-H: calcium-silicate-hydrate; Ettr.: ettringite; CH: portlandite; Mc: monocarbonate; Str.:
785  strétlingite; Cc: CaCOg; Fs: Friedel’s salt; Kz: Kuzel’s salt; Htc.: Hydrotalcite.
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Fig. 2. DTG curves of the pastes exposed to the NaCl (a, ¢ and e) and CaCl> (b, d and f)

solutions with different chloride concentrations (0 - 2.0 mol/L). The area of the second weight

loss for Friedel’s salt is highlighted. CSH: calcium-silicate-hydrate; Ettr.: ettringite; Fs:

Friedel’s salt; Mc: monocarbonate; Str: stratlingite; CH: portlandite; Cc: calcium carbonate
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795  Fig. 3. XRD patterns of the pastes exposed to the CaCl, solutions with different chloride
796  concentration (0.25, 1.0 and 2.0 mol/L). CSH: calcium-silicate-hydrate; Ettr.: ettringite; Fs:

797  Friedel’s salt; Mc: monocarbonate; Str: stratlingite; CH: portlandite; Cc: calcium carbonate; Kz:
798  Kuzel’s salt; Kao.: Kaolinite; Qtz.: Quartz.
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839  Fig. 10. Calcium binding isotherm (i.e., uptake of calcium from the CaCl, exposure solution by

840  hydration products) for the well-hydrated P, ML and M pastes exposed to the CaCl; solution.
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845  Fig. 11. Relationship between the total bound chloride and the total “bound” calcium (i.e.,
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