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A B S T R A C T   

This paper investigates how the composition of Portland composite cements affects their chloride-binding 
properties. Hydrated cement pastes prepared with a reference Portland cement and composite Portland ce-
ments containing metakaolin and/or silica fume were exposed to NaCl or CaCl2 solutions. Chloride-binding 
isotherms were determined and the hydrate assemblage was investigated using TGA, XRD, 27Al NMR, 29Si 
NMR and thermodynamic modelling. Compared to the reference Portland cement paste, silica fume replacement 
did not alter the chloride-binding capacity. The metakaolin replacement resulted in the highest chloride-binding 
capacity. When combining silica fume with metakaolin, the chloride binding is similar to the reference Portland 
cement. In this study the differences in chloride binding were linked not only to changes in the AFm content, but 
also to alterations in the Al-uptake and chain length of the C(-A)-S-H.   

1. Introduction 

It is well-established that the CO2 footprint of concrete can be 
decreased by replacing part of the Portland cement (PC) in concrete with 
suitable supplementary cementitious materials (SCMs) in the right 
proportions [1]. Besides the CO2 footprint associated with cement pro-
duction, one also must consider the durability of the resulting concrete 
elements within the framework of sustainability. It is important that 
additional maintenance and repair are avoided through the correct use 
of SCMs in concrete. One of the major degradation mechanisms for 
reinforced concrete is reinforcement corrosion, with chloride-induced 
corrosion being one of the main causes. Corrosion causes damages, 
which cost worldwide 3–4 % of the Growth Domestic Products, and a 
high portion of these costs is related to chloride-induced corrosion of the 
reinforcement in concrete structures [2,3]. 

When cementitious materials are exposed to chlorides originating 
from seawater or de-icing salts, some of the chlorides are chemically 
bound by hydration products such as Friedel's or Kuzel's salt, while other 
chloride ion fractions may be adsorbed on the surfaces of hydration 

products, such as calcium aluminosilicate hydrates (C(-A)-S-H). This is 
often described as physical binding, whereas the other chlorides remain 
free in the pore solution [4]. 

Over the past few decades, several researchers have reported on 
chemical and physical binding in hydrated cementitious materials 
[4–15]. Evidence that C-S-H or C(-A)-S-H can bind chloride ions has 
been reported in many published studies [12,15–18]. Tang and Nilsson 
[12] investigated the chloride-binding capacity of C(-A)-S-H in Portland 
cement pastes at different chloride concentrations and developed 
equations to fit the binding isotherms. De Weerdt et al. [4] also reported 
that the pH of the solution in contact with hydrated binders, plus the 
cations associated with chlorides, play an important role in chloride 
binding in hydrated cementitious systems. A decrease in the pH upon 
exposure to CaCl2 solution has been shown to increase the total amounts 
of bound chlorides [4,18–21]. It has also been reported that a lowered 
pH in the exposure solution causes higher physical binding potential 
[21]. Further, it has been demonstrated that binders with lowered Ca/Si 
ratios, C(-A)-S-H bind less Cl than binders with a high Ca/Si ratio [22]. 

The use of SCMs can lead to superior resistance to chloride ingress, 
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compared to conventional Portland cement [7]. It has been shown that 
SCMs, especially those with higher alumina content (such as fly ash, slag 
or metakaolin) increase the chloride-binding capacity of the cement 
paste [14,15,19,23–26]. However, the role of alumina in chloride 
binding is still unclear. While the effect of AFm phases on chloride 
binding is relatively well described in the literature [5,27], the effect of 
SCMs on the structure of C(-A)-S-H and further on the interaction of C 
(-A)-S-H with chloride ions is not yet fully understood. Not only do 
many SCMs have a higher aluminium content compared to Portland 
cement, they also have a higher silicon content. The increased quantities 
of both elements affect the structure and amount of C-S-H or C(-A)-S-H. 

The objective of this study is to investigate the impact of the phase 
assemblage and changes in C(-A)-S-H composition, caused by varying 
the aluminium and silicon content in the system through the addition of 
SCMs, on the chemical and physical chloride-binding characteristics of 
the resulting hydrated pastes. This will aid a better understanding of the 
contribution of AFm and C(-A)-S-H to chemical and physical chloride 
binding. The binder systems considered in this study consist of two bi-
nary blends, incorporating 15 wt% silica fume or 15 wt% metakaolin 
and one ternary blend, incorporating 15 wt% silica fume and 15 wt% 
metakaolin. These are all compared to a plain Portland cement system. 
The chosen constitution amounts are meant to obtain tangible effects on 
polymerisation of C(-A)-S-H and add extra sources of aluminates to the 
system. 

For the silica-fume blended-binder system, the focus is on the effect 
of changes in the structure and amount of C(-A)-S-H on physical binding. 
In metakaolin blended systems, the effect of a higher aluminium content 
on the AFm phases and C(-A)-S-H structures is investigated. The ternary 
system, incorporating both silica fume and metakaolin, is intended to 
reflect the mutual impact of changes in the structure of C(-A)-S-H on 
binding properties, with higher contents of both Si and Al incorporated 
in the structure, compared to the binary silica fume-containing binder. 

For the determination of the chloride binding isotherms a similar 
approach was used as in [4,7,19,28–30]. Hydrated cement pastes of the 
four binders were prepared. The hydrated cement pastes were crushed, 
rehydrated and exposed to water, NaCl or CaCl2 solutions and left to 
equilibrate. After equilibration, chloride-binding isotherms were deter-
mined and the pH of the exposure solution measured. The hydrate 
assemblage was investigated using TGA, XRD, 27Al NMR and 29Si NMR 
for the paste samples exposed to water, 2 mol/L NaCl and 1 mol/L CaCl2 
solution. The experimental findings were compared with thermody-
namic modelling results of these systems. 

First, it was verified whether changes in the hydrate phase assem-
blages could be provoked using the selected binder compositions, by 
studying the water-exposed samples as reference. The changes in the 
hydrate phase assemblage upon chloride exposure were then investi-
gated. Based on this, the authors discuss the differences seen in the 
chloride-binding behaviour of the four investigated binders and, 
depending on the binder composition and exposure solution, draw 
general conclusions on the contribution of the AFm and C(-A)-S-H 
phases to chloride binding. 

2. Experimental set-up 

2.1. Materials 

The materials used in this study were a CEM I 52.5 R Portland cement 
(PC) with a calcium carbonate content of 4.7 wt%, metakaolin (MK) 
from Powerpozz and a silica fume suspension (SF) with a dry content of 
50 ± 2.5 % wt% (product name EMSAC 500SE). The oxide composition 
of the materials (determined by XRF) and their specific surface areas and 
densities are given in Table 1. 

Chloride solutions, with a chloride concentration of 4 mol/L, were 
prepared with deionised water and NaCl or CaCl2 (EMSURE analysis 
grade). The solutions were further diluted to chloride concentrations of 
0.25, 1 and 2 mol/L, to obtain the exposure solutions used in this study. 
The chloride concentrations of the mother solutions (4 mol/L solutions), 
plus the diluted solutions, were verified by potentiometric titration. 
Note that a 2 mol/L NaCl solution and a 1 mol/L CaCl2 solution both 
have a 2 mol/L chloride concentration. 

2.2. Paste preparation 

The four different binders investigated in this study are shown in 
Table 2. Cement pastes were prepared with a water-to-binder (w/b) 
ratio of 0.45. 

The binders were prepared in a standard Hobart mixer (5 lL volume 
capacity), with 300 g of the dry powder and 135 g of deionised water 
mixed to pastes. The mixing time was 4 min at a speed of 140 rpm. The 
pastes were then transferred to 50 mL plastic centrifuge tubes. The 
bottles were filled completely, with no remaining air. The bottles were 
sealed and kept in a water bath at 20 ◦C for 30 days. To maximise the 
hydration degree of the paste samples, the sample preparation presented 
by De Weerdt et al. [4] was followed. After 30 days of sealed curing, the 
cement paste was crushed with a jaw crusher into fine particles passing a 
1 mm sieve. The powder was stored in 1 L polypropylene bottles with 
extra 35 wt% deionised water and cured for 7 days at 20 ◦C, while the 
bottles were frequently shaken. The resulting moist, hardened cement 
paste was hammer-crushed and stored in sealed plastic bags at 20 ◦C for 
6 months before starting the chloride exposure. 

2.2.1. Free water content of the cement paste 
The free water content of the well-hydrated cement paste was found 

by drying the solid samples at 105 ◦C in a vacuum oven at − 0.1 MPa, 
until constant mass was achieved. This is a common approximation of 

Table 1 
Oxide composition in [wt%] determined with XRF, the specific surface areas in [m2/g] determined with Blaine or BET and the specific density in [g/cm3] of the raw 
materials.   

SiO2 

[wt%] 
Al2O3 

[wt%] 
Fe2O3 

[wt%] 
CaO 
[wt%] 

MgO 
[wt%] 

SO3 

[wt%] 
K2O 
[wt%] 

Na2O 
[wt%] 

SUM oxides 
[wt%] 

LOI 
[wt%] 

Specific surface 
[m2/g] 

Specific density 
[g/cm3] 

PC  21.39 3.69  1.29  64.66  0.72  3.43 0.57 0.21  95.96  4  0.548a  3.15 
MK  51.89 44.83  0.42  0.02  0.05  0.03 0.12 0.22  97.58  0.83  15b  2.7 
SF  96 –  0.1  1  0.02  0.05 – –  97.17  4  15b  2.2  

a Determined with Blaine. 
b Determined with BET. 

Table 2 
Abbreviations used for the different binders tested and their composition in [wt 
%]. PC stands for Portland cement, MK for metakaolin and SF for silica fume.  

Abbreviation Components [wt%] 

PC MK SF 

Ref  100 – – 
M  85 15 – 
Si  85 – 15 
SiM  70 15 15  
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the free water content, even though hydration phases such as ettringite 
and C(-A)-S-H are also known to lose water at these conditions. The free 
water content of the well-hydrated binders in this study is presented in 
Table 3. 

3. Methods 

3.1. Exposing pastes to NaCl and CaCl2 solutions 

For the chloride exposure, 20 g of the well-hydrated cement paste of 
each binder was weighed into 50 mL plastic centrifuge tubes and 20 mL 
of chloride solution was added. Samples were also prepared for exposure 
to 20 mL of deionised water for each binder. All exposed samples were 
stored at 20 ◦C for approximately 1.5 months to reach equilibrium. 
During this time, the samples were shaken regularly. 

It should be noted that addition of the exposure solution causes a 
dilution of the pore solution and thereby a reduction in the pH of the 
liquid phase during the exposure. This reduced pH will impact the 
amount of bound chlorides to some extent as reported in literature 
[6,26,29]. 

3.2. Liquid analyses 

The liquid phase was extracted by centrifuging the 50 mL tubes in an 
XC50S3 Bio Lion centrifuge at 4000 rpm for 2 min. The resulting su-
pernatant was removed by pipette. For each sample, the chloride con-
centration in solution was determined by titration, the pH was 
determined via a calibrated pH electrode and the elemental composition 
was determined by inductively coupled plasma- Atomic Emission 
Spectroscopy (ICP-AES). The ICP-AES measurements were conducted 
using an ICP-AES spectrometer with radial view manufactured by Agi-
lent. The aqueous samples were acidified using nitric (HNO3) acid of 69 
% purity (Suprapur) from Merck. 0.02 ml of HNO3 was added to 1 ml of 
the samples. The analysed elements included Ca, Na, K, S and Al and 
their lower quantification limits were 0.1 mg/L for Ca and Na, 0.5 mg/L 
for K and S, as well as 0.01 mg/L for Al. 

3.2.1. Determination of the bound chloride content 
To determine the chloride-binding isotherms, the chloride concen-

tration in the clear supernatant was determined by potentiometric 
titration against a 0.1 M AgNO3 solution (supplied by Honeywell Fluka), 
using a 916 Ti-Touch titrator from Metrohm. Depending on the con-
centration, 0.2–1 mL of the supernatant of each sample was pipetted into 
measurement beakers with 20 mL deionised water, 1 mL HNO3 (65 %, 
diluted 1:10, supplied by Merck) and 2 mL 0.2 % polyvinyl alcohol 
(supplied by Merck). 

The chloride concentration, CCl, initial in [mol/L] was estimated ac-
cording to Eq. (1). 

CCl,initial =
CCl × VCl

VCl + VH2O
(1)  

with CCl = concentration of chloride in chloride solution in [mol/L], VCl 
= added volume of chloride solution in ml, VH2O = water content in the 
sample in ml, accounted for according to the values presented in Table 3. 

The calculated values of CCl, initial depend on the measured free water 
contents. Thus, to assure the accuracy of the obtained values, the initial 
chloride concentrations were also measured and compared with the 
calculated values. The results are very similar, see appended data. The 

measurements were made directly upon exposure (adding solution, 
shaking for 30 s followed by 2 min of centrifuging). 

The concentration was then measured every week until equilibrium 
was achieved (1.5 months) and the equilibrium concentration in the 
liquid phase could be measured, CCl, equilibrium in [mol/L]. The total 
bound chloride content, CCl, total bound, in [g/g dry cement paste] was 
calculated according to Eq. (2). 

CCl,total bound =
MCl ×

(
CCl,initial − CCl,equilibrium

)
×
(
VH2O + VCl,added

)/
1, 000

(
msample − mH2O

)

(2)  

with MCl = 35.45 g/mol, the molar mass of chlorine, VCl, added = 20 mL, 
the amount of chloride solution added, msample = 20 g, the mass of 
cement paste, VH2O = mH2O, the amount of free water in the paste in [mL] 
or [g] (assuming a density of 1 g/cm3). The values are presented in 
Table 3. The total amounts of bound chlorides are therefore reported in 
[g/g dry binder at 105

◦

C]. 

3.2.2. pH measurements 
The pH measurements were conducted using a 6.0255.100 Profit-

rode from Metrohm at 20 ◦C. The electrode was calibrated daily with 
buffer solutions of pH 7, 10 and 13. The measurements were taken by 
extracting 2 mL of the exposure solution into a separate 15 mL centrifuge 
tube. The pH was measured in this tube, which allowed for the solution 
to fully cover the electrode. The determination of the pH was not 
repeated so all reported results relate to single measurements. A typical 
error for pH determination in the relevant range is about 0.07 pH [31]. 

3.3. Solid analyses 

The solids of the hydrated cement pastes exposed to water (H2O), 2 
mol/L NaCl solution (NaCl) and 1 mol/L CaCl2 solution (CaCl2) were 
investigated at equilibrium. 

3.3.1. Sample preparation 
About 2–3 spatulas of the solids were extracted from each of the 

centrifuge tubes and put through a double-solvent exchange procedure. 
The wet solids were placed in a 125 mL plastic bottle with 100 mL 
isopropanol (supplied by VWR Chemicals). The bottles were shaken for 
30 s before resting for 5 min. After resting, the liquid was decanted off 
and another 100 mL isopropanol was added. The bottles were shaken 
again for 30 s and left to rest for 5 min before the suspensions were 
poured into a vacuum filtration unit. They were filtrated until dry and 
then 20 mL ethanol (99 % purity) was added. The suspension was stirred 
with a glass rod for 30 s before resting for 5 min. The content was then 
vacuum filtrated until it appeared surface-dry and was subsequently 
stored in a vacuum oven at 30 ◦C and − 0.1 MPa, for one week. After-
wards, the dried paste samples were ground to a particle size of <75 μm 
in a Retsch RM 200 mechanical mortar for further characterisation. The 
phase assemblage of the various dried and ground pastes was analysed 
using X-ray diffraction, thermogravimetric analysis, and nuclear mag-
netic resonance spectroscopy. 

3.3.2. X-ray diffraction 
For the powder X-ray diffraction (XRD) measurements, a Rigaku 

Miniflex 600 with Cu-Kα radiation and a fast 1d solid-state detector was 
used. The scans were conducted between 3◦ and 63◦ 2Ɵ with a step size 
of 0.02◦ 2Ɵ and a scanning speed of 4 s/step. 

3.3.3. Thermogravimetric analysis 
For the thermogravimetric analysis (TGA) measurements, a Mettler 

Toledo TGA-DSC3+ was used. Approximately 30–50 mg of the ground 
paste was weighed into 70 μL alumina crucibles. The samples were 
heated from 20 ◦C to 1000 ◦C at a rate of 10 ◦C/min while purging with 
50 mL/min N2. The raw data can be found as appended data. The 

Table 3 
Free water content of the well-hydrated cement pastes, as determined by oven- 
drying at 105 ◦C for the investigated binders in [wt% of initial mass].   

Ref M Si SiM 

Free water content [wt%] 34 36 36 44  
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decomposition of phases can be identified as mass losses in specific 
temperature intervals [32]: C(-A)-S-H continuously loses bound water 
between 40 ◦C and 600 ◦C with a large peak at around 100 ◦C. Ettringite 
decomposes near 100 ◦C and portlandite between 400 ◦C and 550 ◦C. 
AFm-phases, such as Friedel's salt, monosulphate and monocarbonate 
have several decomposition peaks in the ranges of 150 ◦C–200 ◦C and 
250 ◦C–400 ◦C. Carbonates decompose in the range of 550 ◦C–800 ◦C. 
Mass losses above 800 ◦C are potentially caused by remaining calcium or 
sodium chloride [33]. 

The DTG curves are presented; these are the derivative of the mass 
loss as a function of temperature. These mass losses are used to quantify 
the amount of Friedel's salt and portlandite using the integration method 
of the DTG curve with linear background subtraction, as described in 
[32]. The results are reported in [wt. % per dry mass at 800

◦

C]. The 
measured bound water content at 800 ◦C, with respect to the type of 
binder system and exposure solution, is presented in Table 4. 

The amount of portlandite in the paste, CH in [wt. % per dry mass at 
800

◦

C], was calculated according to Eq. (3). 

CH =
MCH

MH
×mCH =

74 g/mol
18 g/mol

×mCH (3)  

where mCH is the mass loss related to the decomposition of portlandite 
[wt. % per dry mass at 800

◦

C], MCH = 74 g/mol, the molar mass of por-
tlandite, and MH = 18 g/mol, the molar mass of water. 

The amount of chloride-containing AFm (Cl-AFm), which for the 
sake of simplicity is referred to here as Friedel's salt, FS in [wt. % per dry 
mass at 800

◦

C], was calculated according to [23,34] using Eq. (4), 
assuming that the measured mass loss, mH_Fs in [wt. % per dry mass at 
800

◦

C], relates to the 6 molecules of main layer water in the Friedel's salt 
structure. The mH_Fs is the integrated mass loss in the temperature range 
of approx. 250 ◦C–400 ◦C (see appended data for the exact integration 
limits). 

FS =
MFS

(6 × MH)
×mH FS =

561 g/mol
(6 × 18 g/mol)

×mH FS (4)  

with MFs = 561 g/mol, the molar mass of Friedel's salt with the chemical 
composition of Ca4Al2Cl2(OH)12⋅4H2O or C3A.CaCl2.10H2O using the 
cement chemist notation. It should be noted, that assuming the Friedel's 
salt to have a Cl/Al ratio of 1 is a simplification, as Friedel's salt can 
occur as solid solution with for example monocarbonate [5,27]. The 
composition of the chloride-containing AFm was not verified in the 
current study. 

It should be noted that if hydrotalcite is formed in the cement paste, 
its mass loss will partly overlap with the mass-loss peak of Cl-AFm as 
they appear in the same temperature range [30]. However, in the 
investigated pastes exposed to water, no mass loss of hydrotalcite could 
be observed via the method used. This indicates that the overlap be-
tween hydrotalcite and Cl-AFm is not an issue for the samples investi-
gated in this study. 

The quantification of CH and FS was not repeated so all reported 
results relate to single measurements. In [35] a similar method was used 
for determination of the CH content and a standard deviation of 0.2 wt% 
determined on triplet samples was reported. 

3.3.4. Nuclear magnetic resonance spectroscopy 
The silicon and aluminium coordination in the hydrated, water and 

chloride-exposed pastes were measured by 29Si and 27Al solid-state nu-
clear magnetic resonance spectroscopy (NMR), to investigate the 
changes in the C(-A)-S-H structure. Both the 29Si and 27Al MAS NMR 
spectra were obtained using a Bruker 4 mm MAS BB/1H probe at 298 K. 
Samples were packed in 4 mm zirconia rotors. The 29Si high-powered 
decoupled (HPDEC) MAS NMR spectra were acquired at 2500 scans at 
a spin rate of 7.5 kHz. This used a 3 μs pulse, corresponding to an 
excitation angle of about 45◦ and a relaxation delay of 30 s. The 27Al 
HPDEC MAS NMR used a total of 2048 scans at a spin rate of 11 kHz, 
using a 4 μs pulse corresponding to an excitation angle of about 65◦ and 
a relaxation delay of 0.8 s. Both experiments used SPINAL64 proton 
decoupling with a 1H-field strength of 50 kHz [36]. The intensities of 
each 29Si spectra are normalized with consideration of total intensities in 
relation to the reference spectrum; Ref cement exposed to water. The 
Mean aluminosilicate change lengths (CL), the average chain length of 
pure silica units (CL Si) and the average molar Al/Si ratio for Al incor-
porated into the silicate chains of the C(-A)–S–H structure were calcu-
lated, based on the 29Si NMR results according to Richardson et al. [37] 
as well as Richardson and Groves [38]. 

3.4. Thermodynamic modelling 

The Gibbs free energy minimisation software, GEMS v.3.7 [39,40], 
was used to model the changes in the hydrate phase assemblage in the 
samples upon exposure to water and 2 mol/L NaCl or 1 M CaCl2 solution 
at 20 ◦C. A cement-specific database (CEMDATA18) [41] containing 
solubility products of cementitious materials was used, in combination 
with the PSI/Nagra Chemical Thermodynamic Database. The XRF- 
results of the raw materials were used as input for the composition of 
the binders investigated in the model. Several phases were excluded 
from the model, as their formation is unlikely for the exposure condi-
tions: gibbsite, kaolinite, thaumasite, hematite, magnetite, brucite and 
quartz. The formation of siliceous Fe-hydrogarnet was enabled, while 
siliceous Al-Fe-hydrogarnet solid solution was excluded. The amount of 
mol Al per mol Si in the C(-A)-S-H was accounted for based on NMR 
measurements, as shown in Table 5. This amount of Al was removed 
from the reactive system to account for the Al-uptake of C(-A)-S-H, 
thereby predicting more realistic amounts of AFm phases. The model 
was developed so as to simulate the solid/liquid ratio of the adsorption 
test. However, 100 g of dry binder was assumed to react with 196 g of 
water, to create 196 g of paste (instead of 20 g of paste used in 
adsorption test). The corresponding exposure solution quantities, 196 
ml of 2 mol/L NaCl or 1 mol/L CaCl2 solution were added to the system 
(instead of 20 ml used in adsorption tests). 

The following assumptions were made in the model:  

• Degree of reaction (DoR) of PC is 100 % for all binders.  
• DoR of SF is 40 % for the Si and SiM binders.  
• DoR of MK is 50 % for the M and SiM binders.  
• Physical chloride binding by the C(-A)-S-H was not considered in the 

model. 

The degree of reaction (DoR) of the SCMs were roughly estimated 
based on their portlandite consumption, assuming a DoR of the Portland 
cement of 100 %. Therefore, the DoR of the SCMs as input in the GEMS 
model was adjusted so that the portlandite content predicted by GEMS 
would approx. match the portlandite content measured experimentally 
by TGA. The suggested levels of the DoR of the SCMs agree with liter-
ature. According to Skibsted and Snellings [42], for a clinker substitu-
tion of 30–50 % of metakaolin, a DoR in the range of approximately 
35–45 % can be expected for metakaolin, whereas for silica fume, a DoR 
of up to 60 % was reported by Muller et al. [43] for a 10 % substitution. 

The effect of the Al-uptake in the C(-A)-S-H was not taken into ac-
count when the portlandite contents were matched. Thus, when the Al- 

Table 4 
Bound water content at 800 ◦C determined by TGA measurements in [wt% of 
initial mass], with respect to the type of binder system and the exposure 
solution.   

Bound water content at 800 ◦C [wt% of initial mass] 

Exposure solution Ref M Si SiM 

NaCl  29.3017  30.4957  29.4146  30.8052 
CaCl2  30.6053  31.5135  30.059  32.5516  
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uptake in C(-A)-S-H is accounted for, less AFm is formed, therefore more 
calcium is available to form portlandite. GEMS therefore overestimates 
the portlandite content when compared to experimental results. The 
thermodynamic modelling does not predict a change in Ca/Si ratio of the 
C(-A)-S-H as long as the portlandite is present, a final refinement of the 
DoR of the SCMs to match the portlandite content was therefore not 
performed. 

4. Results and discussion 

4.1. Water-exposed samples 

As a first step, it was determined whether considerable variation in 
AFm content and C(-A)-S-H structure could be obtained with the 
different binders used in this study. The hydrate assemblage of the 
various binders exposed to water (H2O) is therefore discussed as refer-
ence systems first. 

4.1.1. Ref H2O 
For the reference Portland cement paste (Ref) exposed to water 

(H2O), the thermodynamic modelling predicts the presence of C(-A)-S- 
H, portlandite, ettringite and some monocarbonate (see Fig. 1). 

The DTG curve for Ref-H2O (Fig. 2) is in line with these predictions, 
as they indicate the presence of ettringite and C(-A)-S-H with the main 
peak at about 120 ◦C, followed by a shoulder just below 200 ◦C and two 

smaller ones at about 300 ◦C and just below 400 ◦C. These correspond to 
AFm and a very clear portlandite peak between 400 and 500 ◦C. The 
portlandite content predicted by thermodynamic modelling and the 
amount determined by TGA show similar trends (Fig. 3). The observed 
differences between the predicted and measured data can be expected as 
described in the description of the thermodynamic model (Section 3.4). 

The presence of ettringite and monocarbonate was confirmed 
experimentally by the XRD spectra for the Ref H2O sample in Fig. 4. The 
27Al NMR spectrum for Ref-H2O in Fig. 5 also indicates the presence of 
AFm and AFt phases. 

The normalized 29Si NMR spectrum related to the C(-A)-S-H of the 
Ref-H2O sample (Fig. 6) shows a larger peak related to silicon tetrahedra 
in Q1 coordination, and a smaller peak for Q2 coordinated silicon and a 
small shoulder in the Q2(Al) region. The average chain length (calcu-
lated based on the 29Si NMR spectrum) is 3.6 and the silicate chain 
length is 2.5 (Fig. 7). The Al/Si molar ratio of the C(-A)-S-H is 0.10 
(Fig. 8), which is slightly higher than the values reported in the litera-
ture for similar systems [35,44]. Q3 and Q4 intensities are not observable 
in the 29Si spectra (<− 90 ppm; see also Fig. 16 in Appendix A with 
extended ppm range), which could indicate the consumption of the 
SCMs or be artifact related to the relaxation state of the silica in SF. 
However, the full consumption of the SCMs would have led to a deple-
tion of all portlandite in the modelling for all SCM containing binders. 
Hence, the DoR were reduced for SF and MK to account for the observed 
phase assemblages from XRD and TGA as described in Section 3.4. 

Table 5 
Summary of the main differences in phase assemblage of the water (H2O), NaCl and CaCl2 solution-exposed paste samples. The M, Si and SiM binder's pastes are 
compared to the Portland cement paste reference samples (Ref) exposed to water. The amount of AFm, AFt and C(-A)-S-H is obtained by thermodynamic modelling. 
The chain length (CL), silica chain length (CL Si) and Al/Si molar ratio of C(-A)-S-H is determined by 29Si NMR.  

Exposure Binder AFm 
[g/100 g binder]a 

AFt 
[g/100 g binder]a 

C(-A)-S-H 
[g/100 g binder]a 

C(-A)-S-H 
(CL) [− ] 

C(-A)-S-H 
(CL Si) [− ] 

C(-A)-S-H 
Al/Si [− ] 

H2O Ref  3.0  18  75  3.6  2.5  0.10 
M  14.6  15  78  4.3  2.7  0.11 
Si  0.7  16  83  4.1  2.6  0.11 
SiM  7.0  13  83  6.5  3.0  0.16 

NaCl Ref  3.8  18  74  4.0  2.8  0.09 
M  14.6  15  77  5.4  3.1  0.11 
Si  4.0  16  82  4.5  3.1  0.08 
SiM  9.3  13  82  8.7  3.8  0.13 

CaCl2 Ref  4.5  18  75  3.4  2.5  0.08 
M  16.5  15  77  3.4  2.5  0.09 
Si  5.5  16  82  3.2  2.6  0.06 
SiM  10.4  13  82  6.2  3.2  0.13  

a Predicted by thermodynamic modelling. 

Fig. 1. The phase assemblage predicted by GEMS for the Ref, M, Si and SiM binder's pastes exposed to water (H2O), or NaCl or CaCl2 solutions with a 2 mol/L 
chloride concentration. 
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The incorporation of alumina in the C(-A)-S-H is also confirmed by 
the 27Al NMR spectrum of the Ref-H2O sample shown in Fig. 9. This is 
observed as a clear signal in the ppm range for four-fold coordinated 
aluminium. 

4.1.2. Si H2O 
Upon replacement of 15 wt% of the PC with silica fume in the Si 

cement paste samples, the thermodynamic model predicts an increased 
amount of C(-A)-S-H, due to the pozzolanic reaction of the silica fume 
(Fig. 1). The pozzolanic reaction and dilution of the PC results in a lower 
portlandite content; approximately 10 wt%, compared to the reference 
Ref-H2O with 27 wt% (Fig. 3). The amount of ettringite is reduced by 
approximately 11 % for the Si-H2O paste compared to the Ref-H2O paste, 
due to the dilution of PC, which is the source of the aluminates and 
sulphates in this system. The type of AFm phase predicted to form is 
monocarbonate. The predicted amount of monocarbonate in the Si paste 
is less than a quarter of the amount formed for the Ref-H2O paste. This is 
partially due to the higher aluminium uptake by the C(-A)-S-H in the Si- 
H2O paste, as the Al/Si ratio and amount of C(-A)-S-H is slightly higher 
compared to the Ref-H2O paste (Fig. 7 and Table 5). As more aluminium 
is taken up by the C(-A)-S-H, less is available to form AFm phases. In 
addition, the dilution of the PC by silica fume will further contribute to a 

reduction in AFm, as described for ettringite above. 
The predicted decrease in portlandite, due to the pozzolanic reaction 

of the silica fume, was confirmed experimentally by TGA (Fig. 3). The 
predicted portlandite content for the Si-H2O sample, 10 wt%, corre-
sponds very well to the amount measured by TGA, 8 wt%. The DTG 
curve for the Si-H2O sample (Fig. 2) is very similar to that of the Ref-H2O 
sample, except for the less pronounced shoulder (just below 200 ◦C) and 
a smaller peak at about 300 ◦C, compared to the Ref-H2O sample. This 
indicates a decrease in the number of AFm phases formed, which is in 
line with the thermodynamic modelling results. 

The XRD spectrum for the Si-H2O sample in Fig. 4 confirms the 
predicted formation of ettringite and monocarbonate. The peak height 
of monocarbonate for the Si-H2O sample is lower compared to that of 
Ref-H2O. This may be an indication of a reduction in the AFm quantity. 
The 27Al NMR spectrum for Si-H2O in Fig. 5 also shows a decrease in the 
intensity of aluminium coordinated in phases assigned as AFm and AFt 
phases. 

The normalized 29Si NMR spectrum related to the C(-A)-S-H of the Si- 
H2O sample (Fig. 6) shows a similar Q1 and a slightly higher Q2 peaks, 
compared to the Ref-H2O sample. The Q2 peak has increased compared 
to the Q1 peak. This indicates a higher degree of polymerisation of the C 
(-A)-S-H. Thus, one would anticipate a greater chain length for the C 
(-A)-S-H in the Si-H2O sample, compared to the reference system. The 
calculated average chain length and Al/Si ratio, based on the 29Si NMR 
spectrum (Fig. 7), are 4.1 and 0.11 respectively for the Si-H2O sample, 
compared to the 3.6 and 0.10 for the reference. The observed increase in 
alumina incorporation in the C(-A)-S-H compared to the Ref-H2O sample 
(as determined by 29Si NMR) is probably due to the uncertainty of the 
method. This is because the signal for the Si-H2O sample in the ppm 
range for four-fold coordinated aluminium is very similar when 
compared to the Ref-H2O sample (Fig. 9). 

4.1.3. M H2O 
Upon replacement of 15 wt% of the PC with metakaolin in the M 

cement paste samples, an increased amount of C(-A)-S-H is predicted by 
thermodynamic modelling, due to the pozzolanic reaction of metakaolin 
(see Fig. 1). The pozzolanic reaction and dilution of the PC is predicted 
to result in a reduced portlandite content, from about 27 wt% for the 
Ref-H2O to about 10 wt% for the M-H2O sample (Fig. 3). The amount of 
ettringite is reduced by approximately 15 % for the M binder's sample, 
compared to the Ref paste. This is due to the dilution of PC, which is the 
source of sulphates in the binder. The additional aluminates from the 
metakaolin reaction cause a four-fold increase in the predicted amount 
of monocarbonate, compared to the Ref-H2O system. 

The DTG curve for the M-H2O sample (Fig. 2) shows a considerably 

Fig. 2. DTG curves in the 50 ◦C to 600 ◦C range for the Ref, M, Si and SiM binder's pastes exposed to water (H2O), or NaCl or CaCl2 solutions with a 2 mol/L chloride 
concentration. The mass-loss peaks typically associated with AFt, C(-A)-S-H, AFm, hydrotalcite (Ht) and portlandite (CH) are marked. 

Fig. 3. Comparison of the portlandite content per dry binder predicted by 
GEMS and measured by TGA. The samples of SiM binders were analysed, but 
the CH contents were very low. 
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larger shoulder (just below 200 ◦C) compared to the Ref-H2O sample, 
plus a larger minor peak (at about 300 ◦C). This indicates an increased 
quantity of AFm phases formed, thereby qualitatively confirming the 
thermodynamic modelling. The predicted decrease in portlandite was 
also confirmed experimentally by TGA (Figs. 2 and 3). However, the 
predicted portlandite content (approximately 10 wt%) is slightly higher 
than the measured one (approximately 7 wt%). This might be due to a 
slight change in the Ca/Si ratio of the C(-A)-S-H (not accounted for in the 
thermodynamic model), or a different reaction degree of metakaolin 
compared to the assumed degree (50 wt%). The peak for the M-H2O 
sample (about 120 ◦C) in the DTG-curve relating to C(-A)-S-H and 
ettringite is slightly smaller compared to the Ref-H2O sample. This might 
indicate a slight decrease in the amount of ettringite. 

The presence of ettringite was confirmed experimentally by the XRD 
spectra for the M-H2O sample in Fig. 4. The peak height of the ettringite 
is lower compared to that of the Ref-H2O sample. This might indicate a 
reduction in ettringite, which is in line with the observations on the 
DTG-curves. However, there is a difference between the type of 

predicted and modelled AFm phases. This is because the XRD spectrum 
shows the presence of hemicarbonate and even monosulphate (as well as 
monocarbonate), while the thermodynamic modelling predicts mono-
carbonate as the only AFm phase. This discrepancy between the 
modelled AFm phases and those observed experimentally might be due 
to several mechanisms. It has been observed that the transformation of 
hemicarbonate to monocarbonate takes time and is dependent on the 
Al2O3/CO2 ratio of the bulk system, which changes during hydration 
[35,45–48]. 

The 27Al NMR spectrum for M-H2O in Fig. 5 also shows a clear in-
crease of aluminium in AFm phases and a slight decrease in the 
aluminium in the AFt phases. When assuming that the amount of 
aluminium in the AFm and AFt phases is related to the amount of these 
phases, the 27Al NMR spectrum confirms the predicted increase in AFm 
and decrease in AFt by thermodynamic modelling. 

The normalized 29Si NMR spectrum related to the C(-A)-S-H of the M- 
H2O sample (Fig. 6) is slightly different, compared to the one for the Ref- 
H2O sample. The Q1 peak is smaller and the Q2 (Al) peak is more 

Fig. 4. XRD spectra, from 8 to 13 2θ showing the main AFm and AFt peaks for the Ref, M, Si and SiM binder's pastes exposed to water (H2O), or NaCl or CaCl2 
solutions with 2 mol/L chloride concentration. Typical diffraction angles for ettringite (Ett), monocarbonate (Mc), hemicarbonate (Hc), monosulphate (Ms) and 
Friedel's salt (Fs) are indicated as a visual guide. 

Fig. 5. 27Al NMR spectra for the six-fold coordinated Al(VI) from 20 to 0 ppm which corresponds to AFm and AFt phases (indicated with lines as a visual guide). 
Results are shown for the Ref, M, Si and SiM binder's pastes exposed to water (H2O), or NaCl or CaCl2 solutions with a 2 mol/L chloride concentration. 
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pronounced, indicating a higher aluminium uptake in the C(-A)-S-H. For 
the M-H2O sample, the calculated average chain length and silicate 
chain length based on the 29Si NMR spectrum are 4.3 and 2.7 respec-
tively (see Fig. 7) and the Al/Si molar ratio of the C(-A)-S-H is 0.11 
(Fig. 8). This means a slight increase in chain length and aluminium 
uptake in the C(-A)-S-H compared to the Ref-H2O sample. The incor-
poration of more alumina in the C(-A)-S-H compared to the Ref-H2O 
sample is confirmed by the 27Al NMR spectrum shown in Fig. 9. This is 
because the signal observed in the ppm range for four-fold coordinated 
aluminium is higher for the M-H2O, compared to the Ref-H2O sample. 

4.1.4. SiM H2O 
Upon replacement of 30 wt% of the PC with 15 wt% silica fume and 

15 wt% metakaolin in the SiM binder's paste samples, an increased 
amount of C(-A)-S-H is predicted due to the pozzolanic reaction of 
metakaolin and silica fume (Fig. 1). The pozzolanic reaction and dilution 
of the PC results in full consumption of the portlandite content (Fig. 3). 
The amount of ettringite is reduced by approximately 30 % for the SiM 
binder compared to the Ref paste, as anticipated. The type of AFm phase 
predicted by modelling is monocarbonate and the predicted quantity is 
about 2.5 times higher compared to the Ref paste, as similarly described 
for the M binder's sample. This is due to an increase in the aluminium 

content of the system. 
The absence of portlandite was confirmed experimentally by TGA 

(Figs. 2 and 3). The DTG curve for the SiM-H2O sample (Fig. 2) shows a 
considerably larger shoulder just below 200 ◦C compared to the Ref-H2O 
sample, thereby confirming the predicted increase in the amount of AFm 
phases formed (Fig. 1). 

The XRD spectrum for the SiM-H2O sample in Fig. 4 confirms the 
predicted formation of ettringite and monocarbonate but also shows the 
presence of hemicarbonate. As for the M-H2O sample, the presence of 
hemicarbonate instead of just monocarbonate might be due to kinetics 
[46–49]. The 27Al NMR spectrum for SiM-H2O sample in Fig. 5 indicates 
a decrease in AFt content compared to the reference and a relative in-
crease in AFm. This is in line with the predictions of the thermodynamic 
modelling. 

The normalized 29Si NMR spectrum related to the C(-A)-S-H of the 
SiM-H2O sample (Fig. 6) shows higher Q2 and Q2 (Al) peaks and a lower 
Q1 peak compared to the Ref-H2O sample. This indicates a greater chain 
length and aluminium incorporation compared to the reference. This 
was confirmed by the calculated average chain length and Al/Si ratio, 
based on the 29Si NMR spectrum (Figs. 8 and 7) which were 6.5 and 0.16 
respectively for the SiM-H2O sample. The incorporation of more alumina 
in the C(-A)-S-H of the SiM binder's sample compared to the Ref-H2O 

Fig. 6. Normalized 29Si NMR spectra for the Ref, M, Si and SiM binder's pastes exposed to water (H2O), or NaCl or CaCl2 solutions with a 2 mol/L chloride con-
centration. The Q1 (silicon end-members tetrahedron), Q2(Al) (bridging tetrahedron connected to Al) and Q2 (bridging tetrahedron) are indicated by lines in the 
figures as a visual guide. 

Fig. 7. The calculated average chain length (CL) and average Si chain length (CL Si) of the C(-A)-S-H based on the deconvoluted 29Si NMR spectra from the Ref, M, Si 
and SiM binder's pastes exposed to water (H2O), NaCl or CaCl2 solutions with a 2 mol/L chloride concentration. 
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sample is also confirmed by the 27Al NMR spectrum shown in Fig. 9. This 
is because the signal for the SiM-H2O sample in the ppm range for four- 
fold coordinated aluminium was much higher compared to the signal 
from the Ref-H2O sample. 

4.1.5. Summary of the difference in hydrate assemblage for the investigated 
binders upon water exposure 

The authors were able to produce hydrated cement pastes with 
varying AFm contents and varying C(-A)-S-H compositions and 
amounts. The main differences in the phase composition, as predicted by 
GEMS, are summarised in Table 5. The M binder paste has a higher AFm 
phase content compared to the reference and SiM binder's paste. The 
amount of AFt is reduced in the composite binders, due to the replace-
ment of PC, which is the sole sulphate source in the system. The amount 
of C(-A)-S-H increases by about 10 wt% for the paste samples of Si and 
SiM binders and by 4 wt% for the M binder, compared to the reference, 
based on thermodynamic modelling. The only binder which produced a 
considerable change in the C(-A)-S-H composition was the SiM binder, 

which showed an increased Al/Si ratio and consequently also chain 
length (CL). 

4.2. Chloride-exposed samples 

This section aims to elucidate the impact of changes in the assem-
blage and composition of the various binder's key phases on the 
chloride-binding characteristics of the hydrated cement pastes. 

4.2.1. Binding isotherms and characteristics of the exposure solutions 
Fig. 10 shows the chloride-binding isotherms for the Ref, M, Si, and 

SiM binders that were exposed to NaCl (left) and CaCl2 (right) solutions 
in varying concentrations. The horizontal axes show the chloride con-
centration of the exposure solution at equilibrium. The M binder seems 
able to bind the highest level of chlorides, compared to the other binders 
(such as Ref, Si and SiM) which appear to bind similar quantities of 
chlorides. More chloride binding is observed for CaCl2 exposure 
compared to NaCl exposure, as anticipated [4,6,18–20,50–52]. 

The pH of the exposure solutions after equilibration is shown in 
Fig. 11. The pure Portland cement paste (Ref) has the highest pH 
compared to the other binders (M, Si and SiM) when exposed to H2O, as 
anticipated [53,54]. For NaCl exposure, the pH of the exposure solution 
does not seem to vary greatly with the chloride concentration. However, 
a clear decrease in pH is observed for CaCl2 exposure, which is in line 
with [4,18–21]. For the samples of Si and M binder, the decrease in the 
pH upon CaCl2 exposure seems independent of the concentration. 
However, a certain concentration dependency is observed for the sam-
ples representing Ref and SiM binders. 

The elemental composition of the exposure solutions after equili-
bration (at a chloride concentration of 2 mol/L) is shown in Fig. 12 in 
terms of measured and thermodynamically modelled calcium, sodium, 
sulphate, aluminium and potassium concentrations. The elemental 
composition of the exposure solutions after equilibration upon exposure 
to chloride concentrations lower than 2 mol/L, are provided as appen-
ded data. 

The calcium concentrations in the water exposed samples as well as 
NaCl exposed samples are similar to the reported ranges of calcium in 
the pore solution in hydrated cement paste, approximately 1–10 mmol/ 
L [53]. For the CaCl2 exposed samples the modelled and measured cal-
cium concentrations are in the range of 500 mmol/L. Measured and 
modelled calcium concentrations are in acceptable agreement for all 
exposure solutions. 

Fig. 8. Al/Si molar ratio of the C(-A)-S-H based on the deconvoluted 29Si NMR 
spectra from the Ref, M, Si and SiM binder's pastes exposed to water (H2O), 
NaCl or CaCl2 solutions with a 2 mol/L chloride concentration. 

Fig. 9. 27Al NMR spectra for the four-fold coordinated Al(IV) from 90 to 40 ppm which corresponds to the alumina incorporated into the C(-A)-S-H at bridging sites 
where aluminium replaces silica. Results are shown for the Ref, M, Si and SiM binder's pastes exposed to water (H2O), or NaCl or CaCl2 solutions with a 2 mol/L 
chloride concentration. 
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The sodium concentration in the water exposed samples as well as 
CaCl2 exposed samples agrees well with the ranges of sodium concen-
tration of pore solution in hydrated cement paste, 50–150 mmol/L, re-
ported in the literature [53]. The reported concentrations of sodium 
strongly depend on the w/c ratio of the pastes and the total content of 
Na2O of the OPC. Measured and modelled values of sodium concentra-
tion are in acceptable agreement. 

The concentration of aluminium decreases upon exposure to NaCl 
and reaches values below the detection limits for these measurements 
(<0.01 ppm) when samples were exposed to CaCl2 solution, although 
small discrepancies from this trend are seen in binder SiM. The con-
centration ranges of aluminium in water exposed samples, is in agree-
ment with the reported ranges of the aluminium concentration of pore 
solution in hydrated cement paste, 0.001–1 mmol/L, reported in the 
literature [53]. Measured and modelled values of aluminium concen-
tration are in acceptable agreement for all exposure solutions. 

Sulphate concentrations tend to increase upon exposure to NaCl so-
lution. This has been explained recently for Portland cement [5], due to 

the higher stability of Cl-AFm compared to sulphate-containing AFm (S- 
AFm). However, the sulphate concentrations upon exposure to CaCl2 are 
in a similar range as for samples exposed to water. Similar behaviour has 
previously been reported in the literature [4], and was explained by the 
formation of additional ettringite upon CaCl2 exposure, due to the lower 
pH of the system. The sulphate concentration in the water exposed 
samples agrees with the ranges of sulphate concentration of pore solu-
tion in hydrated cement paste, 0.1–10 mmol/L, reported in the literature 
[53]. Measured and modelled values of sulphate concentration are in 
acceptable agreement in the case of all exposure solutions. 

The potassium concentration seems not to be affected by exposure to 
chloride solutions. The measured values are in agreement with predicted 
ones, and with the ranges of potassium concentration of pore solution in 
hydrated cement paste, <700 mmol/L, reported in the literature [53]. 
The reported concentrations of potassium strongly depends on the w/c 
ratio of the pastes and the total content of K2O of the OPC and for higher 
w/c ratios, lower potassium concentrations are observed due to dilution 
[53]. 

Fig. 10. Chloride-binding isotherms for the Ref, M, Si and SiM binder's pastes exposed to NaCl or CaCl2 solution. The horizontal axes show the chloride concentration 
of the exposure solution at equilibrium. The samples exposed to H2O are shown at 0 mol/L. All measuring points represent the average of measurements performed 
on duplicate samples except for the point with the highest chloride concentration where triplicates were measured. The error bars indicate standard deviation of both 
the bound Cl (vertical) and equilibrium concentration (horizontal). 

Fig. 11. The pH of the exposure solution for the Ref, M, Si and SiM binder's pastes exposed to NaCl or CaCl2 solution. The horizontal axes show the equilibrium 
chloride concentration of the exposure solution. The samples exposed to H2O are shown at 0 mol/L. A representative error of ±0.07 pH, typical for pH measurements 
in this range [31], is indicated in the figure. 
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4.2.2. Hydrate assemblage of chloride-exposed samples (NaCl and CaCl2) 

4.2.2.1. Chemical chloride binding. When comparing the predicted 
phase assemblage for exposure to NaCl and CaCl2 to the phase assem-
blage for each binder upon exposure to H2O (Fig. 1), the main difference 
is the transformation of monocarbonate to Friedel's salt. The changes in 
the quantities of the other phases are rather small. From Fig. 3, minor 
but systematic variations may be observed in the portlandite content. 
This depends on the exposure solution, as the portlandite content de-
creases in the order H2O > NaCl > CaCl2. Fig. 13 shows that the ther-
modynamic modelling predicts a slight increase in the Friedel's salt 
content for CaCl2 exposure, compared to NaCl exposure, which is in 
agreement with [19]. 

The XRD spectra of the chloride-exposed cement paste samples in 
Fig. 4 confirm the presence of ettringite and Cl-AFm, independent of the 
binder type and exposure (NaCl or CaCl2), as predicted by thermody-
namic modelling. It should be noted that there are shifts in the position 

of the Cl-AFm peak in the XRD diffractograms, which could indicate 
variations in the composition [26,29,55]. 

The 27Al NMR spectra in Fig. 5 show that the amount of aluminium in 
AFt decreases slightly for NaCl exposure, compared to the water- 
exposed samples. However, the AFt content for CaCl2 exposure is 
similar, or even slightly higher, compared to the water-exposed samples. 
An indication of a slight increase in ettringite for CaCl2 exposure may 
also be seen from the DTG curves in Fig. 2, as the peak just above 120 ◦C 
seems greater for all the CaCl2-exposed samples when comparing them 
to the water-exposed and NaCl-exposed ones. However, a potential AFt 
decrease upon exposure to NaCl compared to water exposure is, not that 
evident based on the DTG curves. All things considered, the overall 
changes in the amount of AFt upon exposure to the NaCl or CaCl2 so-
lutions compared to water exposure are rather small. Thus, the AFt in 
the system will have a similar influence on the chloride binding of the 
cement pastes for the investigated exposure conditions. 

The 27Al NMR spectra in Fig. 5 show also that the chloride-exposed 

Fig. 12. Calcium, sodium, sulphate, aluminium and potassium concentrations in the exposure solution measured by ICP-AES and predicted by thermodynamic 
modelling (GEMS) for the Ref, M, Si and SiM binder's pastes exposed to water, NaCl or CaCl2 solutions with a 2 mol/L chloride concentration. 
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samples display larger intensities for aluminium in AFm phases, 
compared to the water-exposed samples (H2O), which indicates a 
greater quantity of AFm phases. There is also a change in the chemical 
shift corresponding to the AFm phases towards lower ppm's indicating 
the formation of Cl-AFm [56,57] instead of other AFm phases [58]. The 
M binder's samples appear to have the greatest amount of AFm phases, 
followed by SiM, Ref and finally Si binders, as anticipated from the Al 
content of these systems (Table 1). However, based on the 27Al NMR 
spectra, the amount of AFm has no clear dependency on the cation (NaCl 
vs. CaCl2). 

The DTG curves allow the Cl-AFm content in the pastes to be quan-
tified. The main difference in the DTG curves for the chloride-exposed 
pastes, compared to the curves for the water-exposed samples shown 
in Fig. 2, is the appearance of a pronounced mass-loss peak between 300 
and 400 ◦C. This peak relates to the decomposition of Cl-AFm [32]. The 
mass loss was determined by integrating the DTG curve in the temper-
ature interval of Cl-AFm, and the respective amount of Cl-AFm was 
calculated according to [23,34], as described in Section 3.3.3. The 
predicted amount of Cl-AFm and measured amount using TGA are 
compared in Fig. 13. The measured Cl-AFm content in the samples of Ref 
and Si binder seems somewhat independent of the cation in the exposure 
solution (NaCl vs. CaCl2). For the samples of M and SiM binder's pastes, 
the Cl-AFm content seems slightly higher for the CaCl2 exposure 
compared to NaCl exposure. While this applies only to the SiM binder for 
the 27Al NMR results in this study, these findings are in line with the 
thermodynamic predictions and could be related to the lower pH in the 
CaCl2 systems compared to the NaCl systems. This would lead to a 
higher Ca concentration in the solution, and lower Al uptake in the C 
(-A)-S-H (Fig. 7), which favours a higher AFm content. Also, the M 
and SiM binders both contain metakaolin, which is known to be a very 
reactive aluminium-containing pozzolan. The result is a composite 
cement with a relatively low Ca/(Al + Si) ratio. The additional calcium 
provided by exposure to CaCl2 may have enabled the formation of 
additional Cl-AFm, as described previously by [15,19,24]. 

In Fig. 14, the total amount of bound chloride from the binding 
isotherms at 2 mol/L chloride for both NaCl and CaCl2 exposure is 
compared to the amount of chemically bound chlorides. This is calcu-
lated based on the Cl-AFm content determined using TGA as well as the 
amounts predicted by thermodynamic modelling. The following ideal 
stoichiometry has been assumed for Friedel's salt: C3A.CaCl2.10H2O for 
the calculations. The total amount of bound chloride obtained from the 
binding isotherms (Fig. 10) and the chemical binding calculated based 
on Cl-AFm contents have been normalized to the dry binder mass at 

800 ◦C, using the bound water measured by TGA (Table 4). 
It should be noted that the above-mentioned stoichiometry for 

Friedel's salt (Cl/Al molar ratio = 1) represents the composition of Cl- 
AFm containing the highest possible content of chlorides. The AFm 
phases can accommodate various anions such as carbonate, sulfate, 
hydroxyl and chloride ions [27,59]. Friedel's salt is the end member with 
the highest chloride content. Hemstad et al. [29] showed recently that, 
among other things, the chloride content in AFm can vary depending in 
the pH of the exposure solution. At a pH of 13, they measured a Cl/Al 
molar ratio of the AFm of only 0.5, meaning 50 % of the ideal stoichi-
ometry of Friedel's salt. However, at a pH of 12 or lower the Cl/Al ratio 
approached 1. In the present work, the authors have not determined the 
exact composition of Cl-AFm for each of the binders and exposure 
conditions. Hence, it is not possible to conclude on the exact contribu-
tion of Cl-AFm to the total amounts of bound chlorides in the paste. 
Thus, when presenting the bound chlorides based on the TGA results in 
Fig. 14, this merely indicates a maximum potential contribution of Cl- 
AFm to the total level of bound chlorides. 

The amount of bound chlorides determined from the binding 
isotherm are generally much higher (more than double for Ref, M, Si 
binders) than the amount predicted by thermodynamic modelling, and 
the amount of chlorides assumed to be found in Friedel's salt, except for 
the sample of SiM binder exposed to NaCl (SiM NaCl). The underesti-
mation of bound chlorides by the thermodynamic model compared to 
the isotherm is due to physical chloride binding by the C(-A)-S-H which 
is not considered in the model. The model only accounts for the chloride 
bound in the AFm which is also the case for the TGA determination and 
therefore these two agree rather well. 

4.2.2.2. Physical chloride binding. In Fig. 15, the calculated amount of 
physically bound chlorides at 2 mol/L chloride for both NaCl and CaCl2 
exposure is compared with the predicted amount of physically bound 
chloride estimated based on the relation presented by Georget et al. [60] 
which correlates the Cl/Si ratio of C(-A)-S-H to the concentration of 
calcium in the exposure solution. The amount of physically bound 
chloride was calculated subtracting the chemically bound chloride in Cl- 
AFm, determined using either TGA or thermodynamic modelling 
(Fig. 14), from the total amount of bound chlorides read from the 
binding isotherms. The total amount of bound chloride obtained from 

Fig. 13. Comparison of the Friedel's salt content per dry binder predicted by 
GEMS and the amount of Cl-AFm determined by TGA for pastes with added 
NaCl or CaCl2 solution (at a chloride concentration of 2 mol/L). 

Fig. 14. Comparison of the amounts of bound chlorides for the NaCl and CaCl2 
exposure (2 mol/L chloride concentration), as predicted by thermodynamic 
modelling and determined by TGA, based on the Cl-AFm content (assuming the 
stoichiometry of Friedel's salt and using the chloride-binding isotherms). The 
total amount of bound chloride obtained from the binding isotherms (Fig. 10) 
and the chemical binding calculated based on Cl-AFm contents have been 
normalized to the dry binder mass at 800 ◦C, using the bound water measured 
by TGA (Table 4). 
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the binding isotherms (Fig. 10) and the chemical binding calculated 
based on Cl-AFm contents have been normalized to the dry binder mass 
at 800 ◦C, using the bound water measured by TGA (Table 4). 

For the calculation of chemically bound chlorides based on the Cl- 
AFm content determined using TGA, the following ideal stoichiometry 
for Friedel's salt was assumed: C3A.CaCl2.10H2O. The estimation of the 
predicted physically bound chlorides was performed according to Eq. (5) 
[60]: 

ClC(− A)− S− H =
[
(0.132± 0.016)×

[
Ca2+]+ 0.059

]
× SiC(− A)− S− H (5) 

The values for [Ca2+] and SiC(− A)− S− H were predicted by thermo-
dynamic modelling (GEMS). The calculation sheets of predicted physi-
cally bound chlorides are provided as appended data. 

The calculated and predicted amounts of physically bound chlorides 
seem to have an acceptable agreement, especially for the Ref binder, 
considering the uncertainties behind prediction of each of these values. 
The results infer a pronounced sensitivity to the associated cation, in 
NaCl vs CaCl2, and an increase in physical binding in the case of CaCl2 
exposure compared to NaCl exposure. This can be due to the higher 
concentration of calcium in the exposure solution when binders are 
exposed to CaCl2 [4,19]. The calculated physically bound chloride 
amounts show a clear variation upon changes in binder composition. 
The predicted physically bound chloride amounts according to Georget 
et al. [60], seem not to take up on the variations in physical binding due 
to the different binder compositions. This is due to the lack of changes in 
SiC(− A)− S− H, as a consequence of the implementation of C(-A)-S-H solid 
solutions in the presence of portlandite in thermodynamic modelling. 

Aside from the effect of concentration of calcium on physical binding 
of chlorides, it is reported that aluminium substitution in C(-A)-S-H 
decreases the adsorption sites and, consequently the chloride-binding 
potential [61]. Therefore, the lowered Al/Si molar ratio of the C(-A)- 
S-H enhances the physical binding of chlorides. Moreover, exposure to 
chloride solutions affects the C(-A)-S-H chain length which, as reported 
by Yoshida et al. [61], affects the chemical composition of C(-A)-S-H 
and, consequently, the adsorption sites and potential for chloride 
adsorption. The increased amounts of bound chlorides may also be 
related to the increase in Ca2+ ions accumulated in the Stern layer of the 
C(-A)-S-H [17,62]. In short, several processes, i.e. chain length, 
adsorption sites, total surface area of C(-A)-S-H and concentration of 
calcium ions, play a role when accounting for the physically bound 
chloride content. 

To illustrate the impact of chloride exposure on the C(-A)-S-H 
composition of the different investigated binders, the 29Si NMR 
spectra shown in Fig. 6 are replotted for each binder in Fig. 16 presented 
in Appendix A. The most remarkable change in the 29Si NMR spectra 

upon chloride exposure (NaCl and CaCl2) compared to water exposure is 
the reduction in the Q2 (Al) peak. This relates to the amount of bridging 
silicon tetrahedral sites containing an Al atom instead of a Si atom. This 
is most prominent for the metakaolin-containing samples (from M and 
SiM binder's pastes), which have the most pronounced Q2 (Al) peaks for 
water exposure. Upon chloride exposure, the Q1 and Q2 peaks in the 29Si 
NMR spectra seem to increase at the expense of the Q2 (Al) peak (see 
Figs. 6 and 14). The reduction in the amount of alumina as bridging 
tetrahedra in the C(-A)-S-H is also confirmed by the 27Al NMR spectra 
shown in Fig. 9. This shows that the signal for the four-fold coordinated 
bridging alumina is considerably lower for the chloride-exposed pastes 
(NaCl and CaCl2) compared to the water-exposed ones, with CaCl2- 
exposed samples having the lowest signal. It may be concluded that the 
presence of chloride reduces the uptake of aluminium in C(-A)-S-H with 
the impact strongest for CaCl2 exposure, as shown in Fig. 8. When 
compared to the ranges reported in the literature ca. 0.001–0.2 [63], the 
scale of observed changes in the aluminium uptake of C(-A)-S-H induced 
by exposure of the system to chloride ions seems considerable. A hy-
pothesis for the effect of chloride exposure on the Al-content of the C-(A- 
)S-H might be that Cl-AFm has greater stability compared to C(-A)-S-H. 
This would be a reasonable assumption as long as the solubility of C(-A)- 
S-H is closer to C-S-H (log KS0 = − 6 to − 11 [64] for [41]) than Cl-AFM 
(log KS0 = − 27.27 [41]). This results in the formation of additional 
chloride-containing AFm phases, instead of Al-uptake in C(-A)-S-H. For 
CaCl2 exposure, more Cl-AFm may be formed and thereby the Al-uptake 
in C(-A)-S-H is lowered further. Therefore, chloride exposure affects also 
the calculated chain length (CL) of the C(-A)-S-H, as shown in Fig. 7. 
NaCl exposure leads to an increase in the calculated chain length, 
whereas CaCl2 exposure leads to a similar or even slightly reduced chain 
length compared to the water-exposed pastes. 

4.2.2.2.1. Summary of changes in hydrate assemblage for the different 
binders upon chloride exposure. In Table 5, a comparison of the main 
investigated characteristics of the hydrate assemblage for the four 
binders exposed to water, NaCl and CaCl2 solution were presented. 
Table 6 summarizes the general trends observed of the impact of the 
exposure solution (CaCl2 vs NaCl, NaCl vs Water and CaCl2 vs water) on 
pH and [Ca2+] concentration of the exposure solution (Fig. 12); 
modelled amount of AFm, AFt and C(-A)-S-H formed (Fig. 1); calculated 
chain length (CL) and Al/Si ratio of the C(-A)-S-H and measured total 
bound chloride (Fig. 10) for all investigated binders. 

The presented trends in Table 6, infer that the associated cation in 
exposure chloride solutions play a key role in accounting for chloride 
binding among other parameters, such as chain length, Al/Si ratio and 
concentration of calcium ions. This further emphasizes the importance 
of considering both NaCl and CaCl2 exposure solutions when studying 
chloride binding phenomenon. 

Fig. 15. Comparison of the calculated amount of physi-
cally bound chlorides for the NaCl and CaCl2 exposure (2 
mol/L chloride concentration), with the upper and lower 
level of the predicted amount of physically bound chlo-
ride estimated based on the relation presented by Georget 
et al. [60]. The calculated bound chlorides were accoun-
ted for by subtracting the chemically bound chloride 
content (based on the Cl-AFm content determined using 
TGA and GEMS) from the total amount of bound chlorides 
from the binding isotherms at 2 mol/L chloride for both 
NaCl and CaCl2 exposure. The total amount of bound 
chloride obtained from the binding isotherms (Fig. 10) 
and the chemical binding calculated based on Cl-AFm 
contents have been normalized to the dry binder mass 
at 800 ◦C, using the bound water measured by TGA 
(Table 4).   
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For all binders, the total amount of bound chlorides from the binding 
isotherm increases for exposure to CaCl2 compared to NaCl, whereas the 
Cl-AFm content is only slightly increased. This is in line with previous 
studies [4,19,29,30,50], in which the difference between the total 
amount of bound chlorides and the chloride bound in AFm was ascribed 
to physical binding in the C(-A)-S-H. For CaCl2, the physical binding in 
the C(-A)-S-H increases due to the decrease in pH and increase in the 
solution's Ca2+ concentration. This causes an accumulation of Ca2+ in 
the Stern layer [62], resulting in an apparent reversal of the originally 
negative surface charge of the C(-A)-S-H [62] and consequently a higher 
accumulation of the negatively charged chloride ions in the diffuse layer 
of the C(-A)-S-H [17,18]. This effect should be valid for all binders for 
which the pore solution is buffered by portlandite or possibly high Ca/Si 
ratio C(-A)-S-H phases of the Jennite type [61,65]. Only for very low Ca/ 
Si ratios such as tobermorite-like structures will the chloride binding of 
C(-A)-S-H phases be low [61,66]. Chloride exposure leads to a reduction 
in the Al/Si molar ratio of the C(-A)-S-H and a higher chain length (CL) 
upon exposure to NaCl. For exposure to CaCl2 the effect on reduction of 
Al/Si molar ratio of the C(-A)-S-H is stronger compared to NaCl, while 
the chain length of the C(-A)-S-H decreases instead. This results in an 
increase in the predicted amount of AFm formed upon chloride expo-
sure, which is also confirmed by the experimental results. 

4.3. Can the changes in the phase assemblage explain the differences in 
observed binding behaviour? 

Table 7 summarizes general trends observed of the impact of the 
binder composition (SCM containing binders vs Ref) on pH and [Ca2+] 
concentration of the exposure solution (Fig. 12); amount of measured Cl- 
AFm (Fig. 13), modelled AFt and C(-A)-S-H formed (Table 5); calculated 
chain length (CL) (Table 5) and Al/Si ratio of the C(-A)-S-H (Table 5) and 
total measured bound chloride (Fig. 10) for all investigated binders. The 
black arrows represent exposure to NaCl solution and green arrows 
stand for exposure to CaCl2 solution. 

For the silica fume-containing paste (Si), the total amount of bound 
chloride is rather similar (exposure to NaCl) or slightly decreased 
(exposure to CaCl2) compared to the one for the Portland reference 
(Ref). However, the amount of Cl-AFm is considerably lower (see 
Fig. 13). The reason why the Ref and Si binder's samples have a similar 
total amount of bound chlorides can be explained by several phenomena 
acting simultaneously. First, the chloride content in the Cl-AFm formed 
in the Ref binder's sample is not necessarily similar to that in the Si 
sample. Hemstad et al. [29] showed that the chloride content in Cl-AFm 
increases with decreasing pH. In this study, the exposure solution for Si 
paste has a lower pH at equilibrium compared to the Ref binder's sample 
(see Fig. 11). This can result in a higher chloride content in the Cl-AFm 
in the Si sample compared the one in the Ref binder's sample. Second, 
the difference between the total bound chloride content and the chlo-
rides in the Cl-AFm can be attributed to physical binding in the C(-A)-S- 
H. As the pH of the exposure solution of the Si binder's samples is lower 
than the pH in the Ref binder's sample, the C(-A)-S-H in the Si sample 
might be able to physically bind more chlorides [21]. Furthermore, the 
Si sample simply has a higher C(-A)-S-H content compared to the Ref 
binder's sample, with a lower Al/Si ratio, thereby contributing to a 

higher degree of physical binding. 
The metakaolin-containing paste (M) can bind the highest quantity 

of chlorides of all tested binders (Fig. 13). The M binder's samples have a 
considerably higher Cl-AFm content compared to the samples of Ref and 
Si binder. The total amount of bound chlorides and the Cl-AFm content 
is higher for CaCl2 exposure than for NaCl exposure. Thus, for the M 
binder's paste, the increase in chloride binding when comparing CaCl2 
with NaCl exposure cannot be attributed solely to increased physical 
binding in the C(-A)-S-H, as first put forward in [4]. This is because an 
increase in the amount of Cl-AFm was also observed, as reported by 
[19,23]. The results reported from this work suggest that in the case of 
exposure to CaCl2 compared to NaCl, the amount of Cl-AFm increases in 
M binder, while the uptake of aluminium in the C(-A)-S-H is decreased. 
As mentioned before, the authors cannot draw precise conclusions as to 
the contribution of Cl-AFm to the total level of bound chlorides. How-
ever, we can attribute part of the increase in the total amounts of bound 
chlorides in the M binder's samples (compared to the reference sample) 
to an increase in the amount of Cl-AFm. The uptake of chlorides in the C 
(-A)-S-H although might be positively affected by the higher quantity of 
C(-A)-S-H in the system but is also negatively affected by the more 
polymerised C(-A)-S-H and its higher aluminium uptake as well as the 
lower concentration of calcium in the exposure solution. 

In the SiM binder's paste, when metakaolin is combined with silica 
fume as a replacement for the Portland cement, the result is a slightly 
increased (exposure to NaCl) or similar total amount of bound chlorides 
(exposure to CaCl2), compared to the reference Portland paste (Fig. 10). 
Silica fume seems to counter act the enhancing effect of metakaolin on 
chloride binding. 29Si NMR data in Figs. 6 and 16 suggests that both, 
silica fume and metakaolin, have reacted as neither Q3 or Q4 intensities 
were observed and all portlandite is consumed. Hence a competition of 
silica fume and metakaolin hydration is unlikely the explanation for this 
result. To explain this, the chloride-binding phases need to be examined. 
The Cl-AFm content determined by TGA in the samples of SiM binder is 
almost similar to the content in the samples of M binder (Fig. 13). 
However, this does not necessarily mean that the level of chlorides 
bound in the AFm is the same for both cases. This is because the chloride 
content of the AFm may vary depending on the pH [29]. Nevertheless, 
the SiM binder's paste has a slightly lower pH compared to the M binder's 
paste (Fig. 11) and would, therefore, lead to the higher Cl uptake by the 
Cl-AFm, as observed by Hemstad et al. [29]. Thus, the lower total 
amounts of bound chlorides in the SiM binder's samples compared to the 
M binder's samples, is likely to be related largely to changes in the 
physical binding of the C(-A)-S-H. The C(-A)-S-H of the SiM binder's 
samples has the longest chain length and highest Al/Si ratio of all 
investigated binders. In addition, the SiM binder's samples have the 
lowest pH at equilibrium and are portlandite-deficient. The latter might 
cause lower calcium and hydroxyl concentrations in the pore solution 
and, thereby, reduce the physical binding in the C(-A)-S-H [21,22]. 
Further research is needed to confirm and quantify this aspect. 

5. Conclusion 

Hydrated cement pastes were prepared using the following four 
binders: plain Portland cement (PC), PC with 15 wt% silica fume 

Table 6 
Summary of general trends observed of the impact of the exposure solution (CaCl2 vs NaCl, NaCl vs Water and CaCl2 vs water) on: pH and [Ca2+] concentration of the 
exposure solution; modelled amount of Cl-AFm, AFt and C(-A)-S-H formed; calculated chain length (CL) and Al/Si ratio of the C(-A)-S-H and total measured bound 
chloride for all investigated binders.   

pH [Ca2+] 
mmol/L 

AFm 
[g/100 g binder] 

AFt 
[g/100 g binder] 

C(-A)-S-H 
[g/100 g binder] 

C(-A)-S-H 
(CL) 

C(-A)-S-H 
Al/Si 

Total bound chloride 

CaCl2 vs NaCl ↓ ↑ ↑ –a – ↓ ↓ ↑ 
NaCl vs water – ↓ for Ref&M binders ↑for Si&SiM binders ↑ – – ↑ ↓ Not relevant 
CaCl2 vs water ↓ ↑ ↑ – – ↓ ↓ Not relevant  

a The horizontal line indicates no change. 
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replacement, PC with 15 wt% metakaolin replacement and PC with 15 
wt% metakaolin and 15 wt% silica fume replacement (total 30 wt%). 
The crushed hydrated cement pastes were exposed to water, NaCl or 
CaCl2 solutions and left to equilibrate. After equilibration, the chloride- 
binding isotherms were determined and the exposure solution was 
characterized in terms of its pH and elemental composition. The hydrate 
assemblage was investigated for the water and NaCl and CaCl2 solutions, 
both with 2 mol/L chloride concentration, using TGA, XRD, 27Al NMR 
and 29Si NMR. The experimental findings were compared to thermo-
dynamic calculations of the phase assemblages of these binder systems. 

Comparison of the 27Al NMR and 29Si NMR results of the chloride- 
exposed samples with the water-exposed samples showed that chloride 
exposure reduces the aluminium uptake in the C(-A)-S-H. This results in 
an increased amount of Cl-AFm formed. The reduction in aluminium 
uptake is stronger for CaCl2 exposure compared to NaCl exposure. This is 
partly the reason for the observed higher chloride binding in CaCl2 
exposed binders compared to NaCl. 

The amount of Cl-AFm was determined based on DTG curves. Even 
accounting for pure Friedel's salt, it is not possible to explain the total 
amounts of bound chlorides from isotherms solely by the binding in Cl- 
AFm. Thus, physical binding by the most abundant hydrate, C(-A)-S-H, 
plays an important role in the actual binding of the investigated cement 
pastes. 

The estimated bound chloride quantities indicated that higher 
amounts of binding of chloride can be expected upon exposure to CaCl2 
compared to NaCl. The explanation for this well-known observation 
based on the obtained results in this study is concluded to be twofold. 
The increased amount of Cl-AFm formed, due to the higher reduction in 
aluminium uptake in the C(-A)-S-H when binders are exposed to CaCl2 is 
one explanation. Further, the estimated physically bound chloride 
quantities indicated that higher amounts of physical binding of chloride 
can be expected upon exposure to CaCl2 compared to NaCl. This was 
explained by the higher concentration of calcium in the exposure solu-
tion as well as the lower aluminium uptake and Al/Si ratio of the C(-A)- 
S-H. The results indicated that the difference in physically bound chlo-
ride amounts due to changes in the composition of binder systems had a 
less pronounced effect than in the case of changing the accompanying 
ion in chloride solution. 

The impact of the binder composition may be summarised as follows:  

• Increasing the amount of silicates in the system, by replacing 15 % of 
the PC with silica fume, did not change the amounts of bound 
chlorides compared to the PC reference, even though a slightly lower 
amount of Cl-AFm was measured. This indicates that either the 
chloride content in the Cl-AFm increased and/or that the physical 
binding in the C(-A)-S-H increased. A higher quantity of physical 
binding might be attributed to the higher content of C(-A)-S-H in the 
system and the reduction in its aluminium uptake.  

• Increasing the amount of alumina and silicate in the system, by 
replacing 15 % of the PC with metakaolin, resulted in an increased 
amount of bound chlorides compared to the PC reference. This in-
crease was mainly attributed both to more Cl-AFm in the system. The 
uptake of chlorides in the C(-A)-S-H although might be positively 
affected by the higher quantity of C(-A)-S-H in the system but are also 
negatively affected by the more polymerised C(-A)-S-H and its higher 
aluminium uptake, as well as the lower concentration of calcium in 
the exposure solution.  

• Replacing the PC with a combination of 15 % metakaolin and 15 % 
silica fume, resulted in a portlandite deficient system, which had a 
similar or only slightly higher total amount of bound chlorides 
compared to the PC reference. Thus, the combined metakaolin and 
silica-fume system has a lower chloride-binding capacity compared 
to the system containing only metakaolin. This, despite SiM system 
has higher cl-AFm content compared to PC, thereby, indicates that 
the relative reduction in chloride binding is largely due to a 
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reduction in physical binding by the more polymerised C(-A)-S-H 
and its higher aluminium uptake. 
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Appendix A

Fig. 16. Normalized 29Si NMR spectra for the Ref, M, Si and SiM cement pastes exposed to water (H2O), NaCl or CaCl2 solution. The Q1 (silicon end-members 
tetrahedron), Q2_Al (bridging tetrahedron connected to Al) and Q2 (bridging tetrahedron) are indicated by lines in the figures as a visual guide. This is the same 
data as for Fig. 6 but organised by binder instead of exposure. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cemconres.2022.106924. 
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