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ABSTRACT 

Hydrated Portland cement paste exposed to a NaCl solution was acidified by adding HCl in 
small steps, gradually lowering the pH. The chloride binding of the cement paste changed as a 
function of the pH. For the range of pH from 13.2 to 12.2, decreasing pH resulted in a 
considerable increase in the chloride binding. At a pH of 11, the cement paste showed almost no 
chloride binding. In order to explain the changes in chloride binding upon lowering the pH, the 
phase assemblage was investigated with SEM-EDS, TGA and XRD and compared to a 
thermodynamic modelling. 
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1. INTRODUCTION 

One of the major deterioration mechanisms of reinforced concrete structures, which can limit 
their service life, is chloride induced corrosion of the reinforcement steel. As chlorides diffuse 
into the concrete structure from external sources such as sea water or de-icing salts, the chloride 
concentration at the reinforcement will eventually increase. When a critical chloride 
concentration is reached in the proximity of the reinforcement, pitting corrosion of the steel may 
be initiated. The time until the critical concentration at the steel surface is reached is therefore 
generally used as a limit state for the service life of a reinforced concrete structure. 

Service life prediction models commonly predict the chloride ingress profiles using Fick’s law 
[1,2], which describes diffusion caused by a concentration gradient [3]. Ions, such as chlorides, 
dissolved in the pore solution, will always move from a high concentration to a lower 
concentration in the pore solution unless opposed by other forces. Figure 1 shows 
experimentally obtained chloride profiles (solid lines) of Portland cement mortar samples 
exposed to sea water, and fitted curves using the error function solution of Fick’s law (dashed 
lines) [4]. With increasing distance from the surface, the chloride content in the mortar 
decreases according to Fick’s law. However, with increasing exposure time, the outermost 
sections show a lower chloride content than the fitted solution of Fick’s law, and show a peak 
before decreasing with increasing depth from the surface. 

 
Figure 1 - Chloride profiles experimentally obtained on Portland cement mortars submerged in sea 
water for 21, 90, and 180 days (solid lines) and fitted to the error function solution of Fick’s law (dashed 
lines) (adapted from [4]). 
 
Similar peaking behaviour in chloride profiles have also been reported elsewhere [5–8]. Current 
service life models ignore the outer sections and only use the parts of the chloride profile that 
fits the mathematical model [2]. Our hypothesis is that we can capture this peaking behaviour if 
we are able to take into account leaching in the models. 
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When concrete is exposed to sea water there are several phase changes that occur with varying 
depths of penetration [5]. Due to the presence of Ca(OH)2 and the alkali metal content in 
hydrated cement paste, the pore solution is highly alkaline, with a pH of 13 or even higher [9]. 
Constant exposure to sea water of near neutral pH will reduce the pH of the pore solution. The 
phase assemblage in the cement paste will change both because the pH is lowered, and because 
of ingress of ions from the sea water.  

In the cement paste, chlorides are bound either chemically, by the formation of chloride-
containing AFm phases, such as Friedel’s salt (3CaO⋅Al2O3⋅CaCl2⋅10H2O), or physically, by 
their accumulation in the diffuse layer of the C-S-H phase [10]. Consequently, changes in the 
phase assemblage of the cement paste with regards to Friedel’s salt or the C-S-H phase caused 
by the exposure of concrete structures to sea water might be the reason for the deviation of the 
chloride profiles experimentally obtained from Fick’s law. 

Changing pH influences both the chemical and physical binding of chlorides. Roberts [11] 
showed that lowering the pH would slightly increase the stability of Friedel’s salt, thus 
increasing the chemical chloride binding of the cement. Lowering the pH too far would however 
decrease its stability and lead to reduced binding [12,13]. Since OH- and Cl- both accumulate in 
the diffuse layer of the C-S-H, they can be considered as competitively adsorbing ions. 
Reducing the pH would reduce the competition from OH-, thereby increasing the apparent 
adsorption of Cl- in the diffuse layer [14]. Small decreases in the pH were reported to increase 
the chloride binding of the cement paste [14,15]. However, this was done by introducing 
chlorides in the mixing water, which will affect the microstructure of hydrated concrete. 
Because of this effect, studies using admixed chlorides might not be representative for external 
chloride ingress and binding in concrete. The exposure of cement pastes to CaCl2 solutions has 
also been reported to be accompanied by a decrease in the pH of the pore solution and an 
increase in chloride binding [14,16–19]. However, no previous studies have systematically 
investigated how pH affects chloride binding for chlorides introduced after hydration. 

The focus of this study was therefore to develop a method for studying chloride binding for 
hydrated cement pastes exposed to chlorides and systematically lowering the pH. Well-hydrated 
cement pastes of ordinary Portland cement (OPC) were exposed to a NaCl-solution. HCl was 
then added to lower pH without adding other types of ions not already present in the system. 
First, a relationship between volumes of added acid and pH in the pore solution was established. 
This relationship was used to determine how much acid is required to reach specific pH-levels. 
The combination of changes in the phase assemblage and lowering of the pH in the pore 
solution upon acid addition is referred to as leaching in this study. The second part of this study 
consists of acidifying five cement paste samples to targeted levels of pH and determine how the 
acidification affects the chloride binding. The effects of artificial leaching with HCl on the phase 
assemblage were studied, to explain the mechanisms causing changes in chloride binding.  

 
2. MATERIALS AND METHODS 

2.1 Materials and sample preparation 
In this study, Portland cement pastes were investigated, prepared with an ordinary Portland 
cement (OPC) supplied by Norcem AS, to which only natural gypsum was added during 
grinding. Table 1 shows the chemical composition of the Portland cement used determined with 
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X-ray fluorescence (XRF). The Portland cement used had a Blaine specific surface of 416 
m2/kg. 

Table 1 - Chemical composition of the Portland cement (OPC) used determined with XRF [wt. %]. 
 SiO2 Al2O3 TiO2 MnO Fe2O3 CaO MgO K2O Na2O SO3 P2O5 
OPC 19.91 5.15 0.28 0.06 3.42 62.73 2.34 1.09 0.48 3.16 0.11 

The cement paste was prepared in 4 batches of 540 g with a w/b ratio of 0.5 in a high-shear 
mixer (Braun MR5550CA). The pastes were mixed for 30 s, left to rest for 5 min and mixed 
again for 60 s. The paste was cast in several plastic bottles (125 mL) and sealed with a lid and 
parafilm. The tubes were stored up to their bottle necks in water in sealed boxes at 60°C. To 
maximize hydration and thus minimize any continued hydration during exposure, the samples 
were ground and rehydrated after 3 months of curing. They were crushed in a jaw crusher and 
sieved through a 1 mm sieve. Remaining particles were crushed further in a rotating disc mill 
until they also passed the sieve. After crushing, the samples were put in 1 L polypropylene 
bottles with additional 30wt% of water. The bottles were then sealed with lids and parafilm, and 
stored for another 4 months at 60°C. After this final curing at 60°C, the bottles were stored at 
20°C for 13 months before chloride exposure. The exposure was also performed at 20°C.  
 
 
2.2 Exposure of the samples to NaCl and HCl 
For the exposure, 15 g of the well-hydrated cement paste, which had a homogenous moist-sand 
appearance, was weighed into 50 mL centrifuge tubes, to which 20 mL of NaCl solution 
(1.5 mol/L) was added using a volumetric pipette. The 1.5 mol/L NaCl solution was prepared 
with deionized water and laboratory-grade NaCl (supplied by Merck). The tubes were then 
closed with lids and parafilm, and thoroughly shaken to mix the liquid and the solid. They were 
then left for two weeks at 20 °C to reach equilibrium, while being shaken once per week to 
ensure full exposure. 

After reaching equilibrium with the NaCl solution, one sample (OPC-22.5, see Table 2) was 
used to establish the relationship between the volume of added acid and the resulting pH of the 
pore solution. For this 4 mol/L HCl was added in steps until the sample tube was filled. The acid 
was added in small steps to avoid uneven dissolution of the hydrated cement paste. In addition, 
the samples were centrifuged and the acid was added to the supernatant to avoid direct contact 
between the acid and the solids. The acid was first added in 10 steps of 0.25 mL, then 4 steps of 
0.5 mL, 3 steps of 1 mL, then in 8 steps of 2 mL until the sample tube was filled. The final 
volume of acid added was 22.5 mL. The pH of the sample was measured after 10-15 minutes 
and after 1-3 days of each addition step (“instant pH” and “pH at EQ” respectively in Figure 3). 

To one sample tube no HCl was added (OPC-0, see Table 2). This sample was used as a 
reference. To the other tubes of the prepared and equilibrated samples, various amounts of 
4 mol/L HCl (0.5, 2.5, 5, and 17 mL) were added in small steps (12 steps of 0.25 mL, then 2 
steps of 0.5 mL, then 1 step of 1 mL, then 6 steps of 2 mL) to reach the target pH in the pore 
solution (see Table 2). The additions were stopped after the target acid volume was reached in 
the various samples. After each addition, the samples were shaken and left to rest until the next 
acid addition. Acid was added each workday, leading to a minimum resting time of 1 day and a 
maximum of 3 days. After having the full amount of acid added, the samples were stored at 
20°C for two weeks, while they were all shaken once per week. 
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Table 2: Overview of the various exposed samples in this study. 
Sample name Cement paste 

[g] 
1.5 mol/L NaCl 

[mL] 
4 mol/L HCl  

[mL] 
OPC-0 (Reference) 15.00 ± 0.01 20 - 
OPC-0.5 15.00 ± 0.01 20 0.5 
OPC-2.5 15.00 ± 0.01 20 2.5 
OPC-5 15.00 ± 0.01 20 5 
OPC-17 15.00 ± 0.01 20 17 
OPC-22.5 (pH development) 15.00 ± 0.01 20 22.5 

 
 
2.3 Analyses after exposure 
Analyses of the liquid 

The liquid phase of the samples was investigated 2 weeks after exposure to the NaCl solution 
(OPC-0) or 2 weeks after the full amount of acid had been added (OPC-0.5 – OPC-17). 

The chloride concentration in the liquid phase was determined by potentiometric titration with a 
Titrando 905 titrator from Metrohm using 0.1 mol/L AgNO3 solution (Titrisol, supplied by 
Merck). A known volume (0.2–1 mL, depending on the chloride concentration of the exposure 
solution) of the supernatant was pipetted into a measurement beaker with 1 mL of HNO3 (65% 
supplied by Merck, and diluted 1:10), 2.5 mL of 0.2% polyvinyl alcohol (supplied by Merck, 
2 g was dissolved in 1 L deionized water), and approx. 20 mL of deionized water.  

The actual concentration of free chlorides present before binding (CCl,free) was calculated using 
Eq. (1) according to [20]: 

𝐶𝐶𝐶𝐶𝐶𝐶,𝑓𝑓𝑟𝑟𝑒𝑒𝑒𝑒 =  
(𝐶𝐶𝑁𝑁𝑚𝑚𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑁𝑁𝑚𝑚𝐶𝐶𝐶𝐶) + (𝐶𝐶𝐻𝐻𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐻𝐻𝐶𝐶𝐶𝐶)

𝑉𝑉𝐻𝐻2𝑂𝑂 + 𝑉𝑉𝑁𝑁𝑚𝑚𝐶𝐶𝐶𝐶 + 𝑉𝑉𝐻𝐻𝐶𝐶𝐶𝐶
 (1) 

where CNaCl is the concentration of chlorides in the NaCl solution, which was measured with 
potentiometric titration prior to exposure; CHCl is the concentration of the acid used (4 mol/L); 
VNaCl is the volume of NaCl solution added to the samples (20 mL); VHCl is the volume of acid 
added to the various samples (0, 0.5, 2.5, 5, 17 mL); VH2O is the volume of free water (in g) per 
15 g of the well-hydrated hydrated cement paste before exposure, and was assumed to be equal 
to mH2O (4.6 g per 15 g of well-hydrated cement paste), which was determined by the weight loss 
of the unexposed well-hydrated cement pastes after drying at 40°C in a TGA until constant 
weight. 

During the exposure of cement pastes, chlorides from the solution are bound by the hydrates of 
the cement paste. The chloride concentration in the solution will therefore decrease until 
equilibrium between the solid and the liquid phase is established. The amount of bound 
chlorides (NCl,bound) can be calculated as mg/g cement paste dried at 40°C using Eq. (2), 
according to [20]: 

𝑁𝑁𝐶𝐶𝐶𝐶,𝑏𝑏𝑏𝑏𝑏𝑏𝑛𝑛𝑑𝑑 =
𝑀𝑀𝐶𝐶𝐶𝐶 ∙ �𝐶𝐶𝐶𝐶𝐶𝐶,𝑓𝑓𝑟𝑟𝑒𝑒𝑒𝑒 − 𝐶𝐶𝐶𝐶𝐶𝐶,𝑒𝑒𝑒𝑒� ∙ (𝑉𝑉𝐻𝐻2𝑂𝑂 + 𝑉𝑉𝑁𝑁𝑚𝑚𝐶𝐶𝐶𝐶 + 𝑉𝑉𝐻𝐻𝐶𝐶𝐶𝐶)

𝐶𝐶𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝐶𝐶𝑒𝑒 − 𝐶𝐶𝐻𝐻2𝑂𝑂
 (2) 
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where CCl,free is the actual concentration of free chlorides present at the beginning of the 
exposure (in mol/L), which can be calculated using Eq. (1); CCl,eq is the chloride concentration 
of the supernatant measured at equilibrium (in mol/L); MCl is the molar mass of chlorine 
(35.453 g/mol); msample is the mass of the sample added to the centrifuge tube (15 g); and mH2O is 
the mass of free water (in g) per 15 g of hydrated cement paste. 

After determining the amount of free chlorides, the pH of the liquid phase was measured using a 
6.0255.100 Profitrode from Metrohm in the laboratory at 20°C. Before measuring the pH, the 
sample was centrifuged at 4000 rpm for 2 minutes and 30 seconds. 2 mL of the supernatant was 
pipetted into 15 mL centrifuge tubes, in which the pH was measured. The electrode was 
calibrated each day before the measurements using buffer solutions of pH 7, 10 and 13. After 
each measurement, the remaining supernatant was poured back into the sample.  

The concentrations of Ca, Cl, K, Na and S and in the solution were determined by a Thermo 
Scientific Element 2 ICP-MS. 150 µl of the supernatant was acidified with 104 µl 65 % HNO3. 
This mixture was then diluted to 15 ml with deionized water, to reach a HNO3-contentration of 
0.1 mol/L in the samples. 
 
Analyses of the solid 

After concluding the investigations of the liquid phase, the phase assemblage in the Portland 
cement pastes was investigated. For that approximately 3-5 g of cement pastes was taken out 
from the centrifuge tubes and was placed in 125 mL plastic bottles with 100 mL isopropanol. 
The bottles were shaken for 30 seconds before resting for 5 minutes. After resting, the liquid 
was decanted and another 100 mL isopropanol was added. The bottles were again shaken for 30 
seconds and left to rest for 5 minutes, before the contents were poured into a vacuum filtration 
unit. The isopropanol was filtrated off, and 20 mL petroleum ether was added. The petroleum 
ether and solids were stirred with a glass rod for 30 seconds before resting for 5 minutes. 
Afterwards, the petroleum ether was filtrated off using a vacuum filtration unit, and the samples 
were dried in a desiccator overnight under a slight vacuum (-0.2 bar) applied using a water 
pump. A part of the dried samples were ground to a particle size <63 µm and then analysed with 
TGA or XRD. The rest of each of the dried samples was not ground and used for SEM-EDS 
investigations. 

Thermogravimetric analysis (TGA) was used to determine the free water content in the well-
hydrated samples before exposure to a NaCl solution, and to investigate the phase assemblage in 
the samples, which were exposed to only NaCl or NaCl and various amounts of HCl. For all TG 
analyses, approximately 150 mg of the solids were placed in 600 µl alumina crucibles and 
analysed in a Mettler Toledo TGA/DSC3+ device. To determine the free water content of the 
cement paste prior exposure, non-solvent exchanged paste was dried at 40°C until constant 
weight (10 hours) while purging with N2 at 50 mL/min. The weight loss was normalized to the 
initial sample mass, giving the free water content of the cement paste. The solvent exchanged, 
dried, and ground samples were heated from 40 to 900°C with a heating rate of 10°C/min while 
purging with N2 at 50 mL/min. The decomposition of specific phases can be detected as a 
weight loss in specific temperature intervals. This was used to identify various hydration phases 
as suggested by Lothenbach et al. [21]. The first weight loss peak at around 100°C is related to 
the ettringite (Et) decomposition and the beginning of the dehydroxylation of the C-S-H phase. 
C-S-H decomposes gradually between 40°C and 600°C and appears as a polynomial baseline 
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under the other peaks. AFm phases such as monosulphate (Ms), monocarbonate (Mc), and 
Friedel’s salt (Fs) shows typically two mass loss events, the first one between 150 and 200°C 
and the second between 250 and 400°C. Hydrotalcite (Ht) typically also causes a decomposition 
peak in the DTG signal around 350°C. The subsequent sharp peak between approx. 400°C and 
550°C is related to the decomposition of portlandite (CH). Above 550°C, carbonates decompose 
and emit CO2. 

The dried powders were also analysed using X-ray diffraction (XRD) to confirm phase changes. 
Approximately 0.5 g of the powders were placed in the sample holders by front loading. We 
used a Bruker AXS D8 Focus with a Lynxeye detector, operating at 40 kV and 40 mA with a 
CuKα radiation source (wavelength 1.54 Å). The samples were measured between 5° 2θ to 55° 
2θ, with a step size of 0.01° 2θ, and a sampling time per step of 0.5 s.  

The samples to be investigated with scanning electron microscopy (SEM) were cast in epoxy, 
polished and carbon-coated. A Hitachi S-3400N electron microscope equipped with an energy 
dispersive spectrometer (EDS) from Oxford Instruments was used. BSE images and EDS-maps 
of all samples were captured, in addition to 100 EDS point-scans of the cement paste matrix per 
sample. The SEM was operated at an accelerating voltage of 15 keV and a probe current of 
70 µA, a working distance of 5 mm for taking the BSE images, and a working distance of 
10 mm for operating the EDS. 
 
Thermodynamic modelling 

The Gibbs free energy minimization software for Geochemical Modelling [22–24], was used to 
model the phase assemblage, the pH, and the composition of the liquid phase at equilibrium 
with increasing amounts of HCl (4 mol/L) added at 20°C. The thermodynamic data from the 
PSI-GEMS database were supplemented with a cement-specific database (CEMDATA14 
database) [25], which includes solubility products of the solids relevant for cementitious 
materials. For the C-S-H phase, the CSHQ model proposed by Kulik was used [26]. For the 
model, TiO2, MnO, MgO, and P2O5 and C4AF were assumed to be inert. Therefore, the amounts 
of TiO2, MnO, P2O5 and MgO in the cement clinker determined with XRF (see Table 1) were 
subtracted from the composition. The amount of C4AF was calculated with the Bogue 
calculation, and then subtracted from the composition. The remaining oxide composition 
(approx. 85%) was then normalized to 100 %. A reaction degree of 50% was assumed in the 
modelling. Taking into account that only 85% of the oxide composition was used as input in the 
model, this resulted in a total assumed reaction degree of the cement of approx. 70%. During the 
modelling the following phases were prevented from forming: gibbsite, kaolinite, siliceous 
hydrogarnet, thaumasite, hematite, magnetite, brucite and quartz. Further details on the model 
are provided in [27]. In the model, Friedel’s salt is the only phase that is assumed to bind 
chlorides. The chloride binding predicted by the model was therefore calculated using the 
amount of Friedel’s salt predicted by the model (for more details on the calculations see [27]).  
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3. RESULTS AND GENERAL DISCUSSION 

3.1 Development of the pH with increasing amounts of acid added 
First, we needed to determine the acid additions that would yield a relevant change in the pH 
and the phase assemblage for further investigation. As hydrated cement paste is a complex 
system with several pH-buffering phases, we used the thermodynamic model to predict the 
changes in the pH of the exposure solution and the phase assemblage upon the addition of 
increasing volumes of acid (HCl). The system initially consisted of 15 g moist hydrated cement 
paste and 20 mL of 1.5 mol/L NaCl solution. One of the limitations was the volume of exposure 
solution, as high volumes of exposure solution would increase the error on the determination of 
the bound chlorides. Preliminary simulations pointed out that HCl with a concentration of 
4 mol/L would allow us to reach sufficiently low pH for a limited volume of acid added (50 mL 
exposure tubes). 

Figure 2 shows the volume of the phases in the samples as a function of the volume of HCl 
(4 mol/L) added, as predicted by the thermodynamic model. The amount of portlandite is 
predicted to decrease linearly with increasing acid addition until it has completely dissolved at 
10 mL of acid added. Once the portlandite completely dissolved, the C-S-H is predicted to start 
dissolving as well. The volume of ettringite remained stable until 19 mL of acid was added, after 
which the volume decreased steadily until it was fully removed at 21 mL acid. The amount of 
Friedel’s salt remained nearly constant up to 15 mL acid, for higher volumes it starts dissolving 
until nothing is left at 17.5 mL acid. At high volumes of acid and low pH, the model predicted 
the formation of natrolite (Na2O⋅Al2O3⋅3SiO2⋅2H2O), gypsum (CaSO4⋅2H2O) and amorphous 
silica (SiO2).  

 
Figure 2 - The predicted changes in phase assemblage (in cm3 / 15 g cement paste) upon the addition of 
increasing volumes of 4 mol/L HCl (in mL). The sample contained initially 15 g moist hydrated cement 
paste and 20 mL of 1.5 mol/L NaCl solution. The acid additions (0.5, 2.5, 5, 17, and 22.5 mL) which 
were used in this study are indicated by the dotted lines. 
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Figure 3 shows the predicted development of the pH of the exposure solution for increasing 
amounts of HCl added (pH GEMS - solid line) which corresponds to the modelling of the solid 
phase assemblage shown in Figure 2. The pH decreases steadily upon HCl addition, with a small 
plateau between approx. 5 and 10 mL acid addded. This is due to the presence of portlandite 
which buffers the pH. When portlandite is predicted to have dissolved, at around 10 mL HCl 
added, the pH drops further. In order to verify the predicted pH development experimentally, 
one sample was acidified (OPC 22.5) in steps of 0.25, 1 and 2 mL HCl until the sample tube was 
filled. The pH-values were measured both directly after adding acid (instant pH - triangles) and 
after 1-3 days of equilibration (pH at EQ - spheres). The experimentally obtained pH-
development curves are also included in Figure 3. The measured pH and the modelled pH agree 
well. 

The fact that there was hardly any difference in pH directly after adding acid and one day later 
when less than 7 mL acid was added in steps of 0.25 mL indicates that for these small additions 
the system rapidly reaches equilibrium, meaning there is no severe instantaneous drop in the pH 
of the solution. The risk of locally dissolving phases other than portlandite is therefore low. 
However, the difference between pH immediately after acid addition and after 1-3 days 
increased for higher additions, likely because of larger amounts acid were added per step 
combined with the lower buffer capacity of the system. 

 
Figure 3 - Development of the pH of the exposure solution upon stepwise addition of HCl (4 mol/L). The 
sample contained initially 15 g moist hydrated cement paste and 20 mL of 1.5 mol/L NaCl solution. The 
values experimentally determined 10 min after acid addition, i.e. instant pH (spheres), the pH after 1-3 
days of equilibration (triangles) and the pH predicted by thermodynamic modelling with GEMS (solid 
line) are compared. The acid additions (0.5, 2.5, 5, 17, and 22.5 mL) which were used in this study are 
indicated by the dotted lines. 
 
Based on the measured pH and the predicted phase assemblage, four levels of acid addition were 
selected for further investigation: 0, 0.5, 2.5, 5 and 17 mL HCl. The levels are indicated in 
Figure 2 and Figure 3 with dotted lines. The sample without acid (OPC-0) is considered as a 
reference. At these acid additions, separate samples were prepared to investigate the chloride 
binding and the phase assemblage. The results of these investigations are reported in the 
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following sections. The 0.5, 2.5 and 5 mL additions were aimed to reflect different levels of 
moderate leaching as the system was predicted to still contain portlandite. The level of 17 mL 
would reflect advanced leaching as portlandite was nearly depleted and the main hydration 
phase C-S-H would start to decompose.  
 
3,2 Chloride binding 
Figure 4 a) and b) show the experimentally determined amount of bound chlorides for the 
samples as a function of the pH or the free chloride concentration in the liquid phase 
respectively. With increasing amounts of acid added (indicated by the arrows in both figures), 
the pH decreases and the free chloride concentration increases. When the pH drops from 13.2 to 
about 12.2 (≤5 mL of acid added), the amount of bound chlorides increased with decreasing pH 
and increasing free chloride concentration. At a pH of 11 (sample OPC-17) the cement paste 
showed close to no chloride binding. Figure 4 also shows the amount of bound chlorides as 
predicted by the thermodynamic model (dotted line). Friedel’s salt is the only phase that is 
assumed to bind chlorides in the thermodynamic model, thus the model also predicts constant 
chloride binding in the range of 0-15 mL acid added (pH 13.2-11.1). At higher acid addition, 
Friedel’s salt was predicted to decompose (see Figure 2) and consequently the amount of bound 
chlorides is predicted to drop to zero. Hence, the model can potentially account for the loss of 
binding capacity at a pH of 11, but not for the observed increase of chloride binding upon 
lowering the pH from 13.2 to about 12.2.  

  
Figure 4 - Amount of bound chlorides in the ordinary Portland cement paste samples exposed to 
1.5 mol/L NaCl solution to which varying amounts of HCl was added (0, 0.5, 2.5, 5 and 17 mL) as a 
function of a) the pH, and b) the free chloride concentration in the liquid phase at equilibrium. The 
symbols represent the experimentally determined bound chlorides and the dotted line the one predicted 
by the model. The error bars for the amount of bound chloride and the free chloride concentration were 
calculated with a Gaussian error propagation. The error of the pH determination was estimated to ± 0.1. 
 
3.3 Phase assemblage  
To elucidate the mechanisms that cause the changes in chloride binding described above, this 
section presents the investigation of the phase assemblage of the Portland cement paste samples 



Nordic Concrete Research – Publ. No. NCR 58 – ISSUE 1 / 2018 – Article 9, pp. 143-162 
 

153 
 

exposed to 1.5 mol/L NaCl solution to which 0, 0.5, 2.5, 5, 17 and 22.5 mL of HCl was added. 
The results are discussed and compared to the results of the thermodynamic modelling in the 
following. 
 
Figure 5 presents the TGA-curves for all the chloride exposed samples and for OPC that has not 
been exposed to any chloride solutions (OPC-No Cl), as well as the derivative of the TGA-
curves of these sample, the DTG curves. The typical weight loss peaks for ettringite (Et), C-S-H, 
monosulphate (Ms), monocarbonate (Mc), Friedel’s salt (Fs), hydrotalcite (Ht), portlandite (CH) 
and carbonates are indicated. 

Figure 6 shows the XRD-spectra of all samples in this study, including the reference, to which 
no HCl was added (OPC-0) in the range between 8.5-12° 2θ and 31-35° 2θ. The peak positions 
of ettringite (Et), Friedel’s salt (Fs), portlandite (CH) and NaCl are indicated. Clear peaks of 
NaCl were observed in all samples exposed to a chloride solution. This indicates that the sample 
preparation for XRD was not able to remove the pore solution completely, which resulted in the 
precipitation of e.g. NaCl upon drying.  

 
 

 

Figure 5 – a) TG (in wt. % of initial mass) and DTG (in wt. %/min) curves of the ordinary Portland 
cement (OPC) paste samples exposed to 1.5 mol/L NaCl solution to which varying amounts of HCl 
(4 mol/L) was added (0, 0.5, 2.5, 5, 17, and 22.5 mL). The typical weight loss peaks for ettringite (Et), C-
S-H, monosulphate (Ms), monocarbonate (Mc), Friedel’s salt (Fs), hydrotalcite (Ht), portlandite (CH) 
and carbonates are indicated. Figure 5 b) shows the DTG curves of all samples zoomed into the 
temperature range between 250 and 450°C as indicated by the rectangle in a). 
 
Portlandite 

A clear decrease in the portlandite weight loss peak near 450°C was observed with increasing 
acid additions (Figure 5). Moreover, the XRD peak for portlandite also appears to decrease with 
increasing additions of acid (Figure 6). The experimental results from TGA and XRD agree well 
with the thermodynamic model. The amount of portlandite in the samples for the various 
additions of acid predicted by the thermodynamic modelling (OPC-0: 19 wt%, OPC-5: 
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10wt%/10, OPC-17: 0 wt%) agree well with the experimentally obtained values with TGA 
(OPC-0: 15 wt%, OPC-5: 10 wt%, OPC-17: 0 wt%). 

  
Figure 6 - XRD spectra of the ordinary Portland cement (OPC) paste samples exposed to 1.5 mol/L 
NaCl solution to which varying amounts of HCl was added (0, 0.5, 2.5, 5, 17 and 22.5 mL in the range 
between a) 8.5-12° 2θ and b) 31-35° 2θ. The peak positions of ettringite (Et), Friedel’s salt (Fs), 
portlandite (CH) and NaCl are indicated. 
 
AFm/AFt 

The weight loss peak near 350°C showed a double peak for the samples to which no or only 
small amounts of acid were added (≤ 2.5 mL), which might indicate the formation of Friedel’s 
salt in these samples [21]. As acid was added, the peak shape changed back to a single peak, as 
in samples to which no chlorides (NaCl) were added (not shown here). Neither the presence nor 
the decomposition of Friedel’s salt could be verified by XRD as no characteristic reflection 
peaks for Friedel’s salt were observed in any of the XRD spectra (Figure 6). There is a small 
hump in the spectra near 11.19° 2θ, which might indicate that the phase is present but is poorly 
crystalline. SEM-EDS did also not allow the detection of Friedel’s salt, indicating that if it is 
present it is finely intermixed with the other hydrates. 

The model predicts the presence of Friedel’s salt in the chloride containing samples, and its 
decomposition for acid additions above 15 mL (Figure 2). Even though the model does not 
predict any changes in the amount of Friedel’s salt for acid additions up to 15 mL, there are 
some slight changes in the DTG peaks related to the AFm phases upon acid addition up to 5 mL 
(Figure 5b). However, without clear XRD peaks of these phases their identification is not 
possible. 

The absence of typical diffraction peaks for AFm phases such as Friedel’s salt 
(3CaO⋅Al2O3⋅CaCl2⋅10H2O, 11.19° 2θ), monocarbonate (3CaO⋅Al2O3⋅CaCO3⋅11H2O, 11.7° 2θ) 
or monosulphate (3CaO⋅Al2O3⋅CaSO4∙11H2O, 10.3° 2θ) in the XRD-spectra is most likely 
related to the high curing temperature applied [28]. The paste was cured for 7 months at 60°C, 
before being stored at 20°C for more than 13 months. Ettringite is not stable at 60°C [28]. 
Lowering of the curing temperature afterwards might have caused delayed ettringite formation 



Nordic Concrete Research – Publ. No. NCR 58 – ISSUE 1 / 2018 – Article 9, pp. 143-162 
 

155 
 

[29]. The occurrence of delayed ettringite formation in the current study is supported by the 
distinct reflections for ettringite in the samples investigated (Figure 6). The only sample that did 
not show a clear reflection of ettringite is OPC-0.5. The reason for this is unknown. The 
presence of ettringite for HCl additions up to 19 mL was predicted by the thermodynamic model 
(Figure 2). 
 
C-S-H 

According to the thermodynamic model (Figure 2), C-S-H remains stable as long as there is 
portlandite present in the cement paste. The TGA results (Figure 5) might give the impression 
that more C-S-H is present in the heavily leached samples (OPC-17 and OPC-22.5), however 
this is not the case. This is due to the dissolution of portlandite, which is causing the weight loss 
peaks of all other non-dissolving phases to increase, as the results are expressed relative to the 
initial mass of the sample.  
 
SEM-EDS was used to investigate changes in the C-S-H composition with increasing amounts 
of HCl added. SEM-EDS point analyses were taken in the matrix of the various samples. The 
results of these point analyses were plotted as the Al/Ca over the Si/Ca ratio. The Si/Ca ratio 
(and thereby the Ca/Si ratio) of the C-S-H was determined as described by Taylor [9]. Figure 7 
shows the Ca/Si-ratio of the C-S-H as determined by EDS, and the predicted Ca/Si-ratio and 
volume of C-S-H in the GEMS model as a function of the pH of the exposure solution.  

Figure 7 shows that there are changes in the Ca/Si ratio of the C-S-H even though its volume 
remains constant. The EDS data and the model both show that the Ca/Si ratio of the C-S-H 
slightly increased with decreasing pH (acid additions ≤ 5 mL). For acid additions larger than 
5 mL (pH ≤ 11) the Ca/Si ratio decreased again. The sample OPC-22.5 showed with 1.2 a 
considerably lower Ca/Si ratio as the sample OPC-0 (Ca/Si = 1.4). According to the model, the 
decomposition of C-S-H starts at a pH of 12.6, at which point the Ca/Si-ratio also rapidly 
declines as the pH decreases. This indicates that for sample OPC-17 and OPC-22.5, it is possible 
that decomposition of the C-S-H has occurred.  

The results from the EDS should be interpreted with care, as sample preparation might have 
caused an artificial increase in the calcium content due to precipitation from the exposure 
solution. However, similar trends of changed Ca/Si-ratio have been observed by De Weerdt and 
Justnes [30], who showed that in cement paste leached by sea water, C-S-H was decalcified 
from a Ca/Si-ratio of 1.8 down to 1. 
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Figure 7 - Development of the Ca/Si ratio of the C-S-H as a function of the pH in the pore solution 
determined experimentally (symbols) and predicted by the thermodynamic modelling (dashed line). In 
addition, the predicted volume of C-S-H upon increasing amounts of acid as predicted by the 
thermodynamic modelling is shown. 
 
Composition of the liquid phase 

The symbols in Figure 8 show the concentrations of Ca, Cl, Na, K and S experimentally 
obtained with ICP-MS in the solution of the samples over a) the amount of acid added and b) the 
pH in the samples. The lines represent the concentration of the various elements in the pore 
solution as predicted by GEMS. There is a relatively good agreement between the measured and 
modelled results. The concentrations of Ca and Cl increase as acid is added, whilst the 
concentrations of Na and K decrease. The increase in Cl concentration is due to the addition of 
4 mol/L HCl. The increase in the Ca-content is caused by the dissolution of portlandite and the 
decreased Ca/Si-ratio of the C-S-H. The gradual decrease in the Na and K concentrations are 
due to the dilution with acid. The concentration of S decreases initially, before increasing for the 
17 ml acid sample and decreasing slightly from 17 to 22.5 ml. For S the initial decrease in 
concentration is likely due to dilution, whilst the eventual increase is caused by the dissolution 
of ettringite. 

 

4. DISCUSSION ON THE ALTERED CHLORIDE BINDING DUE TO THE 
ARTIFICIAL LEACHING 

4.1 Increase in chloride binding for acid additions ≤ 5 mL 
Figure 9 combines the chloride binding results from this study (Figure 4b) with the chloride 
binding isotherms determined by Machner et al. [31] on samples with the same composition 
cured as well at 60°C and exposed at 20°C to either NaCl or CaCl2 solutions. In the case of 
NaCl, the slope of the binding isotherm at free chloride concentrations above 1 mol/L increases 
only marginally and develops towards a plateau [31]. This means that increasing the chloride 
concentration above 1 mol/L should not contribute to considerably increased chloride binding. 
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However, upon the addition of HCl, the chloride binding increases more than could be explained 
by the increase in free chloride concentration.  

 
Figure 8: The measured (symbols) and modelled (lines) elemental concentrations in the solution of the 
samples as a function of a) the amount of acid added to each sample and b) the pH of the solutions.  
 

The values of the bound chloride with HCl additions develop rather towards the values of the 
chloride-binding isotherm for CaCl2 exposure reported previously [31]. Significantly greater 
chloride binding has been reported previously when samples were exposed to solutions of CaCl2 
rather than NaCl [13,16–20,32]. HCl has a similar effect on the system as CaCl2, as both lower 
the pH and increase the calcium concentration, the former by dissolving portlandite and the 
latter by supplying additional calcium during its dissolution. The difference between the 
chloride-binding capacity of samples exposed to NaCl and CaCl2 has been largely attributed to 
two different mechanisms. 
 
Role of the Friedel’s salt 

Shi et al. [16] observed the formation of a larger amount of Friedel’s salt in composite cement 
paste samples containing metakaolin exposed to CaCl2 than in samples exposed to NaCl. He 
explained this by the additional calcium that is available in the case of CaCl2 exposure. With the 
formation of larger amounts of Friedel’s salt, more chloride ions are bound chemically and the 
chloride-binding capacity of the cement paste increased. However, no increase in the amount of 
Friedel’s salt formed was observed for Portland cement pastes [16]. 

Whether the additional calcium in the pore solution due to the dissolution of the portlandite 
upon HCl addition lead to the formation of additional Friedel’s salt could not be elucidated in 
this study. The high curing temperature (60°C) of the samples before exposure caused the AFm 
phases to be poorly crystalline, which made their identification with XRD impossible. For acid 
additions up to 5 mL, the thermodynamic modelling predicts the dissolution of portlandite and 
the changes in the Ca/Si ratio of the C-S-H fairly well. Therefore, the thermodynamic model 
should be able to predict additional Friedel’s salt formation due to an increased calcium 
concentration in the pore solution. However, the model predicts a constant amount of Friedel’s 
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salt to be present in samples to which less than 15 mL of HCl was added, which is within the 
range of acid additions that showed an increased chloride binding. This indicates that the 
increased chloride-binding capacity of the samples is probably not due to the formation of 
additional Friedel’s salt.  
 

 
Figure 9 - Development of the amount of bound chlorides with increasing free chloride concentrations in 
the liquid phase of this study compared to previous results from Machner et al. [31]. 
 
Role of the C-S-H 

The increased chloride-binding capacity of cement paste samples exposed to CaCl2 compared to 
NaCl has also been explained by an increased amount of chlorides that can be accumulated in 
the diffuse layer of the C-S-H in the case of CaCl2 exposure. This has previously been explained 
by the overcompensation of the originally negative surface charge of the C-S-H by the 
adsorption of divalent calcium ions in the Stern layer of the C-S-H [33]. This overcompensation 
reverses the surface charge and turns it positive [33], which means negatively charged chloride 
ions can accumulate in the diffuse layer of the C-S-H [19,34]. Such a reversal in the surface 
charge leading to the accumulation of chlorides in the diffuse layer has not been observed with 
monovalent ions, like Na+ [19]. The exposure of cement pastes to CaCl2 solutions has also been 
reported to be accompanied by a decrease in the pH of the pore solution and an increase in 
chloride binding [14,16–19]. 

The C-S-H in this study changed its Ca/Si ratio upon HCl addition (Figure 7). The changes in 
chloride binding could therefore be due to changes in accumulation of ions in the diffuse layer 
of C-S-H. As shown in Figure 4 the amount of bound chlorides increased with increasing 
amount of acid added up to 5 mL and consequently with decreasing pH from 13.2 to 12.2. With 
decreasing pH, more silanol groups are deprotonated (as schematically shown in Eq. (4), where 
> indicates the connection of the silanol group to the calcium layer), which leads to an increase 
in the negative surface charge density [35]. Consequently, more calcium ions from the pore 
solution can be adsorbed on the C-S-H in the Stern layer leading to a larger overcompensation 
of the surface charge [35]. This is visible in the increased Ca/Si ratio of the C-S-H for acid 
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additions ≤ 5 mL (Figure 7). This might consequently lead to a larger amount of chloride ions 
accumulated in the diffuse layer of the C-S-H. The dissolution of portlandite upon acid addition 
ensured sufficient calcium ions in the pore solution (Figure 8) to overcompensate the negative 
surface charge of the C-S-H.  

 > 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 →  𝑆𝑆𝑆𝑆𝑆𝑆− + 𝑆𝑆+ (4)  

Moreover, a decrease in the pH of the pore solution leads to a reduction of competing 
accumulation by hydroxyl ions, which might increase the accumulation of chloride ions in the 
diffuse layer additionally [14]. 

 
4.2 Decrease in the chloride-binding capacity for higher acid additions 
The results of the chloride binding in this study also showed that when 17 mL of HCl was added 
the cement paste shows almost no chloride-binding capacity. This indicates that after a certain 
amount of acid has been added, the reduced pH in the pore solution caused the dissolution of 
chloride-binding phases or prevents them in other ways from binding chlorides. 

When more than 5 mL of HCl has been added the C-S-H starts to decalcify, as shown by the 
Ca/Si ratio in Figure 7. This potentially renders the phase less positively charged, and reduces 
the accumulation of chloride in the diffuse layer. Additionally, the amount of C-S-H is predicted 
to decrease for pH values lower than 12.6 (less than 5 mL acid added). Both mechanisms are 
probably responsible for the decrease in the chloride-binding capacity of the paste samples at 
HCl additions of more than 5-10 mL. The loss of chloride binding in the outermost section of 
concrete due to extensive leaching has also been reported for field samples exposed to sea water 
[7,8] and exposed to NaCl solution [4]. 

 
 
4.3 Further work 
The current study was performed as a proof of concept for an experimental setup that can be 
used to study the impact of the pH of the pore solution on the chloride binding of hydrated 
cement paste. For further work, the following remarks will be taken into account. 

Due to the limited availability of cement paste and therefore the number of samples in the 
current study, the exact point at which the chloride binding decreases is unknown. If it continues 
to increase until it drops to zero or gradually declines will be investigated in a follow-up study. 

Because the cement paste samples were cured at 60°C before they were exposed to NaCl 
solutions and HCl, the Friedel’s salt in the paste was not crystalline and its contribution to the 
chloride binding could not be conclusively determined. In a follow-up study, cement paste 
samples cured at 20°C will be prepared and investigated using the methods developed here. This 
should lead to samples containing crystalline AFm phases and should make it possible to 
distinguish between the effects of AFm phase and C-S-H to the chloride binding of the cement 
paste. 

Improvements should be made to the sample preparation for analysis of the solids. The current 
method of double solvent exchange and filtration appears to cause the precipitation of NaCl and 
potentially calcium from the pore solution, probably due to the inability of the used solvents 
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(isopropanol and petroleum ether) to penetrate the gel porosity of the C-S-H phase during the 
solvent exchange and replace the pore solution between the C-S-H sheets. This was explained 
by the big molecular size of alcohols compared to water, which inhibits the replacement of the 
water in very small pores [36]. This makes the solids analyses by XRD, SEM and TGA less 
representative. A possible solution could be “washing” the solids with a known amount of 
deionized water over a specified amount of time, similarly to the method described by 
Plusquellec et al. [37]. This would help to remove precipitates like NaCl before solvent 
exchange. 

 

5. CONCLUSIONS 

A method for lowering the pH of the pore solution in a hydrated cement paste in a closed system 
was developed.  

Chloride binding of a hydrated cement paste was observed to be closely linked to the pH in the 
pore solution. Lowering the pH from 13.2 to 12.2 increases chloride binding. If the pH drops to 
11, the chloride binding of the cement paste is greatly reduced.  

The applied thermodynamic model indicates that the pH dependency of the chloride binding is 
connected to pH-dependent changes in the Ca/Si ratio of the C-S-H. The low crystallinity of the 
Friedel’s salt in the investigated samples did not allow us the experimentally verify its role in 
the pH-dependent chloride binding. 

These findings might explain why in concrete structures, harsh leaching at the surface will 
reduce the chloride binding, while moderate leaching further into the concrete leads to increased 
chloride binding and therefore an increased maximum in the chloride profile. In order to obtain 
more accurate chloride ingress predictions, service life prediction models for concrete structures 
exposed to chlorides should incorporate the effect of lowered pH due to leaching on chloride 
binding.  
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