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Abstract 

The impact of additional activators (sodium sulfate, sodium nitrite, and calcium 
nitrite) and curing temperature (20 and 35 °C) on chloride binding and ingress resistance 
of ground granulated blast furnace slag activated by Ca(OH)2 was studied using X-ray 
diffraction, scanning electron microscopy, thermogravimetric and thermodynamic 
modeling. The outcomes of the study indicated that the difference in the chloride binding 
capacity at low chloride concentrations was primarily affected by the types of the AFm 
phase. The solid solution formed between Friedel’s salt and various types of AFm phases 
resulted in a decrease in the chloride binding capacity. At a curing temperature of 35 °C, 
the chloride binding capacity reduced due to the leaching of calcium ions and carbonation 
induced by the coarse pore structure. It was found that the chloride ingress resistance was 
significantly related to the leaching of calcium and carbonation, and the denser calcite 
layer formed at the exposure layer had a positive impact on the chloride ingress resistance.  

Keywords: Chloride binding, Chloride ingress resistance, Ground granulated blast furnace 
slag, Thermodynamic modeling, Additional activators 
 

1.  Introduction 

In recent years, the widespread use of cement as a binder for concrete is limited due to 
sustainability issues [1]. A frequent concern with durability, which further causes structural 
deterioration and failure of concrete, is the chloride-induced corrosion of steel reinforcements 
[2-4]. The rising demand for cement and concrete has facilitated the development of eco-
friendly alternatives to OPC such as alkali-activated materials (AAMs) in recent years [5–7]. 
There has been significant research on the use of industrial waste and by-products including 
fly ash, silica fume, metakaolin, and ground granulated blast furnace slag (GGBFS) in alkali 
activation systems [8–10]. Among these, alkali-activated slag (AAS) is the most commonly 
utilized AAM [11,12]. The AAS has a low carbon footprint, low heat of hydration, good 
chemical resistance, and high early mechanical properties [13,14]. Recent studies have also 
demonstrated that AAS has the ability to bind chlorides than OPC [15–17]. The commonly 
used activators for AAS are water glass and NaOH. However, the use of these activators can 
cause quick setting and toxicity to the environment. Waterglass can cause skin and eye 



irritation if it comes into contact with the skin or eyes. Further, the production of sodium 
silicate can generate waste by-products, such as salt cake, which can be harmful to the 
environment if not disposed of properly. The NaOH is a strong alkaline substance that can 
cause burns and tissue damage if it comes into contact with the skin, eyes, or respiratory 
system [11,19–22]. Ca(OH)2 is a more economical activator; furthermore, it can help initiate 
slag hydration in slag cement binders. Several previous studies have investigated the 
activating behavior of Ca(OH)2, which showed Ca(OH)2 have a similar activating efficacy to 
those of other activators commonly used in AAS binders [8,21,23]. However, the pH of 
Ca(OH)2 activation is approximately 12.5, lower than the alkalinity (pH>13.0) required to 
promote slag dissolution [18]. Consequently, the initial dissolution rate of slag will be lower 
than that of systems using other alkali solution and thus lead to lower mechanical properties.  

According to previous research, changing the curing conditions, such as increasing the 
curing temperature or adding an appropriate amount of additional activators, can promote the 
reaction of slag [24]. Snellings et al. [25] found that elevated curing temperature resulted in 
a decrease in the ettringite at the later ages of slag reaction. Osio-Norgaard et al. [12] 
observed the crossover effect at a curing temperature greater than 40 °C. This phenomenon 
made the pore structure coarser. Evidently, changing the reaction environment will directly 
affect the pore structure, pore solution composition, and hydrates assemblage, and this will 
have a subsequent impact on the chloride resistance of cementitious materials. Based on 
previous studies, a detailed impact of additional activators and curing temperature on the 
chloride resistance is discussed below: 

Activators with different cations (Na+, K+, Mg2+, etc.) have the most significant impact 
on the pH and ion concentrations in the pore solution. The addition of alkali metals (Na+, K+) 
will result in an increase in the pH value, and this may further accelerate the initial dissolution 
of slag. Accordingly, a higher number of hydration products are generated, and the porosity 
can be considerably reduced [26,27]. This means that the resistance to chloride ingress could 
be improved. For Mg2+, although the pH of the initial pore solution is lower than that of other 
alkali activators [8,28], it is believed that in AAS, a hydrotalcite-like phase can be formed 
with a moderate MgO content when Al reacts with Mg. This phase may lead to a similar 
chloride binding capacity with AFm as that induced by the layered double hydroxide (LDH) 
structure with exchangeable interlayer spaces. Several studies have demonstrated the ability 
of the hydrotalcite-like phase to uptake chlorides [29–32]. However, a major challenge is that 
the quantity of this phase depends on the investigated system, and the exchangeable sequence 
of the anions could be ranked as CO3

2- > SO4
2- > OH- > F-> Cl- >Br->NO3

->I-. Thus, for a 
higher alkali content, hydrotalcites may preferentially react with CO3

2- or SO4
2- before 

chloride exchange occurs [12,32,33]. Chen et al.[32] discussed the potential of nitrate- or 
nitrite-intercalated hydrotalcite to enhance corrosion control. Although they highlighted the 
considerable potential of postponing corrosion initiation, chloride ingress may be enhanced 
due to the pore coarsening effect caused by an alteration in the pore structure. For activators 
with different anions, the most evident impact is the change in the AFm phase’s ability to 
bind chloride. Chlorides can be chemically bound in the AFm phase in the form of Friedel’s 
salts (3CaO ∙ Al2O3 ∙ CaCl2 ∙ 10H2O) and Kuzel’s salts (3CaO  ∙ Al2O3  ∙  0.5CaSO4  ∙ 
0.5CaCl2 ∙11H2O) mainly due to the phase change caused by ion exchange [34]. The added 
anions, such as CO3

2-, SO4
2-, OH-, NO3

-, and NO2
-, in the interlayer of the AFm-like phase 



can change the structure, and this may further affect the polymorphs of Friedel’s salt 
produced by AAS [16]. The AAS contains a high number SO4

2- ions and possesses a 
relatively stronger chloride binding capacity due to the decomposition of ettringite (AFt) [35]. 
In addition, according to the chloride concentration, the pH value and the anion type in the 
solution, various solid solutions of Friedel’s salt may be formed. However, Kuzel’s salts seem 
to be unstable in the presence of carbonate [16,36,37]. When additional activators are applied 
to achieve a high pH environment, the most apparent negative impact is the increase in the 
leaching of calcium ions. Leaching may cause decalcification of C-(A)-S-H, and it may lead 
to a decrease in the physical bindings of chlorides in the C-(A)-S-H diffuse layer due to the 
higher competition with hydroxyl ions resulting from additional activators, indicating a 
decrease in the chloride binding capacity [37–39]. 

From the point of view of curing temperature, in general, 20 °C, which is a typical 
laboratory condition, is used as the reference temperature. Heat curing helps increase the 
reactivity required to reduce porosities and the average pore size of AAMs irrespective of the 
precursor. This may further result in an increase in the chloride binding capacity [12,40–43]. 
Osio-Norgaard et al.[12] investigated the impact of curing temperature in the range 20–38 °C 
on the chloride ingress resistance of a slag blended system, and they found that a higher 
curing temperature could result in an increase in the chloride binding capacity. They stated 
that the enhancement phenomenon is attributed to the accelerated reaction degree of slag. 
They also found that the pore structure became coarser at a curing temperature of 38 °C and 
aggravated chloride ingress. For AAS, although few studies have studied the impact of a 
higher curing temperature on the chloride binding capacity, numerous studies have analyzed 
the impact on the engineering properties [44–46]. Although a curing temperature greater than 
20 °C can promote slag dissolution at an early stage, which further leads to the development 
of more rapid hydration products like (C-A-S-H gel), the thick shell of this hydration products 
surrounding the slag inhibits further slag hydration [44]. Moreover, thermal cracks may occur 
and increase the porosity, which may result in a decrease in the chloride ingress resistance 
[47]. 

Similar findings were observed in a previous study. Additional activators such as calcium 
nitrite (Ca(NO2)2 and sodium sulfate (Na2SO4), along with a high curing temperature (35 °C), 
promote slag hydration and make the pores finer at an early stage. However, at the later age, 
the porosity of samples to which activators have been added is larger than that of the 
specimens without additional activators, especially at a curing temperature of 35 °C, which 
suggests that the refinements in porosity are decelerated. Furthermore, in the Ca(OH)2 
activation, wherein calcium was added in the pore solution, additional Ca(NO2)2 could not 
effectively promote the slag reaction at early ages at ambient temperature, although the 
mechanical properties of this sample were significantly improved at later stages and were 
even comparable to those of the control group. However, at a high curing temperature, 
Ca(NO2)2 exhibits a finer porosity and higher reaction degree. This preliminary study showed 
that the reaction environment is crucial for the hydration process as well as to improve the 
long-term durability of slag activated by Ca(OH)2. However, there is a lack of detailed 
characterization for the coupling effects of additional activators and high curing temperature 
on the chloride resistance. Thus, although the external reaction conditions are changed to 
improve the early performance, the comprehensive effect should be balanced against the 



potential negative impact on the long-term performance or durability.  
A majority of the results in the corresponding literature cover the chloride ingress 

resistance and binding capacity of the AAS system. There is a lack of information on the 
impact of additional activators and curing temperature on the durability performance in the 
slag activated by Ca(OH)2 system in chloride-bearing environment. Therefore, the objective 
of this investigation was to study the chloride ingress and its induced mineralogical alteration 
of slag activated by Ca(OH)2 at various reaction environments. The findings of this study 
will offer insights into the mechanisms of the chloride binding capacity and the chloride 
ingress resistance of slag activated by Ca(OH)2 system that is exposed to sodium chloride, 
which could help broaden the practical applications of Ca(OH)2 system.  
 

2.  Materials and methods 

2.1.  Materials and sample preparation 

The chemical composition of the slag and calcium hydroxide investigated in this study 
have been described in previous studies [48] and are provided in Table S1. The particle size 
distribution of the materials used in this study is given in Fig. S1. A Ca(OH)2/slag ratio of 
0.2/0.8 and water/binder (slag+ Ca(OH)2) ratio of 0.55 was used for mortars and pastes based 
on previous research [48]. For mortar, standard sand (specific gravity:2.64, water 
absorption:0.42%, fineness modulus: 2.93) with particle size in the range 0.08–2.0 mm 
according to the specification JIS R5201 was used, and the sand-to-binder ratio was set to 
3.0. Additional activators were created by adding reagent-grade Na2SO4, Ca(NO2)2, and 
NaNO2 to distilled water at a dose of 0.1 mol/kg of powder. Only deionized water was added 
to the samples as the control. The matrix of systems studied is shown in Table 1. The 
following steps were used to mix the pastes and mortars in a Hobart mixer: all solid 
components were combined for 30 s at low speed; the prepared activators were added, 
followed by mixing at a slow speed for 60 s, and a pause for 30 s to scrape down the binders 
on the sides of the bowl and blade. Next, mixing was performed for another 2 min and 30 s 
at high speed. After mixing, the paste was poured into Φ50 ൈ 50 cylindrical plastic cups, 
and mortar was poured into cylindrical molds of Φ50 ൈ 100 mm. The samples were sealed 
with polythene sheets and cured at temperatures of 20 or 35 °C for 28 days. 

Table 1. Experimental matrix 

Binders Additional activators 
Activator 
(wt% of binder) 

Curing temperature 

80% GGBFS+ 20% 
Ca(OH)2 

blank / 20 °C 
blank / 35 °C 
Na2SO4 1.42% 20 °C 
Na2SO4 1.42% 35 °C 
Ca(NO2)2 1.51% 20 °C 
Ca(NO2)2 1.51% 35 °C 
NaNO2 0.69% 20 °C 
NaNO2 0.69% 35 °C 



Note: The name of the additional activators will be substituted for the name of the sample in 
the following exposition. 

 

2.2.  Properties before chloride immersion 

2.2.1.Compressive strength  

Before conducting the relevant experiments related to chloride attack, several properties 
of the samples were evaluated to demonstrate the impact of additional activators and curing 
temperature on the performance of Ca(OH)2 activation. The strength test was performed 
according to the standard ISO 679.The mortars were demolded at an age of 3, 7, and 28 days 
for compressive strength measurement of three replicates. An automatic testing device (Hi-
ACTIS-2000) was used to assess the compressive strength at a constant load rate of 0.4 
N/mm2∙s. 

2.2.2.Reaction degree 

The selective dissolution method for analyzing AAS was adopted based on the 
description of Villagrán–Zaccardi et al. [49]. After being ground, the particle size of the 
samples was less than 125 μm. Then, the powder was dissolved in EDTA solution. The 
mixture was then filtered using a 2-µm filter paper after being agitated at 300 ppm for 2 h. 
Selective dissolutions were repeated twice for each mix. This method only left behind the 
unreacted slag and Mg-Al-OH as the residue. 

2.2.3.Mercury intrusion porosimetry 

Mercury intrusion porosimetry (MIP) was used to assess the impact of additional activators 
and curing temperature on the pore structure. In this investigation, MIP was carried out using 
Micromeritics Auto Pore V 9600 (Micromeritics) on roughly 1 g of the crushed paste material 
with a sieve size in the range 2–5 mm. The porosity was measured using a pressure of up to 
420 MPa, and the Washburn equation was used to convert the pressure to the pore entry radius 
at a contact angle of 130°. 

2.3.  Chloride binding capacity 

2.3.1.Chloride binding test 

The chloride equilibrium test used in this investigation is similar to that described by 
Tang et al. [50]. NaCl solutions of 0.025, 0.05, 0.1, 0.25, and 0.5 M were prepared. After 28 
days of curing, after being crushed, the pastes were run through a sieve with a sieve size in 
the range 2–5 mm. Then, 6.0-g paste particles were poured into a 100-mL plastic cup with 
60-mL chloride-rich solutions and stored at ambient temperature till they reached absorption 
equilibrium.  

After 2 months, the samples were separated, and the supernatants were collected for 
calculation of chloride adsorption. Before measurement, undiluted suspensions were 
introduced in the ion chromatograph, and the measured concentrations were compared to 
those of the standard solutions to select the appropriate dilution times. The selected dilution 
times are shown in Table S2. Ion chromatography was used to measure the chloride 



concentration (ICS-90, DIONEX, Sunnyvale, CA, USA). The total and free chloride content 
was calculated by Eq. (1): 

 

𝐶𝑙௕ ൌ ሺ𝐶𝑙଴ െ
஼௟೑ೝ೐೐
௙

ሻ ൈ
௏

௠
                                                                

(1) 
 
where 𝐶𝑙௕  is the bound chloride (mol/g of dry paste), 𝐶𝑙଴  is the initial chloride 
concentration in mol/L, 𝐶𝑙௙௥௘௘ is the chloride concentration of the solution after dilution in 
mol/L, f is the dilution times, V is the volume of solution in mL, and m is the sample mass in 
grams. 

The separated samples were submerged in acetone for 2 h to stop the reaction. The 
samples were then turned into powder in a ball mill and kept in vacuum conditions before X-
ray diffraction (XRD) analysis. 

2.3.2. XRD 

Following the chloride binding test, the powdered specimens were examined by X-ray 
diffractometry (Multiflex, Rigaku) with Cu-K radiation at voltage and current of 40 kV and 
40 mA, respectively. To analyze the crystalline phases, the specimen was scanned between 
5° and 70° (2θ) with a step size of 0.02°. A scan time of 0.67 s per step was used. To quantify 
the amorphous phase, around 20% α-Al2O3 was used as the internal standard, and Profex was 
used to quantify the hydrates [51]. 

2.3.3.Thermodynamic modeling 

The Gibbs free energy minimization program was used to investigate phase assemblages 
and chemically binding chloride of slag activated by Ca(OH)2 with additional activators and 
different curing temperatures. The database Cemedata 18 was adopted as the main database, 
and the CNASH_ss model and MgAl-OH-LDH_ss were also used. The extended Debye-
Huckel equation was used in this study. The ideal gas equation of state was used for the 
gaseous phase model. The formation of gibbsite, thaumasite were suppressed as it was 
unlikely that they formed at ambient environments. As reported in previous studies, chloride 
ions may not only be physically bound but also chemically bonded in hydrotalcite-like phases 
in AAS [31]. Therefore, a new solid solution model of MgAl-Cl-LDH_ss based on MgAl-
OH-LDH_ss proposed by Zuo [53] was used in this investigation. The corresponding 
thermodynamic parameters are listed in supplementary data, and a detailed calculation 
procedure is shown in Ref. [53]. During simulation, a chemical equilibrium was assumed in 
the system. 

As the base mix, 80 g slag, 20 g Ca(OH)2, and the corresponding additional activators 
were utilized to simulate the chloride binding process. The hydration degree of the binders 
based on selective dissolution was adopted.  

2.4.  Chloride ingress resistance 

2.4.1.Chloride diffusion test 

After 28 days of curing, mortars were demolded and cut into half with a height of ~50 



mm. After cutting, epoxy resin was applied to all surfaces except the sawn surface. The 
samples were cured at 20 °C overnight. After hardening, the sealed samples were immersed 
in saturated Ca(OH)2 for 24 h to facilitate saturation to suppress the impact of capillary 
suction. Then, the specimens were immersed in 0.5 M NaCl for 28 days. 

After exposure, one of the samples were cut in half parallel to the direction of the chloride 
ingress. Then, one small slice of the sample was cut off along the center area aligned to the 
exposed surface from one of the samples cut in half. The slice was embedded in acrylic resin 
that did not contain chlorine, followed by polishing and carbon coating for scanning electron 
microscopy (SEM) analysis to analyze the chemical composition of hydration products after 
chloride diffusion. The SEM was carried out with a JEOL JSM-IT200 operated at an 
accelerating voltage of 10 keV combined with an energy-dispersive spectrometer (EDS) at a 
15 keV operating voltage and a working distance of 10 mm. The frames with ൈ 2000 
magnification for EDS investigation were obtained. For analysis, the depth intervals were set 
as 0-1, 1-2, 2-3, 3-4, 4-5, and 5-7 mm, and the center part was set as the standard based on 
the results of the pre-determined colorimetric test of spraying silver nitrate. At least 25-point 
analyses at different depths and not less than 180 points in total for one sample were collected. 

The other half of the specimens cut in half was further cut into a 40-mm long, 30-mm 
wide, and 5-mm thick slice, which was used for electron micro probe analysis (EPMA). The 
remaining specimen was used for making powder samples. The powdered samples were 
extracted from a range of depths below the exposed surface using a profile grinder, and they 
were stored in a vacuum bag for further analysis. 

2.4.2. EPMA 

For EPMA (wave dispersive spectrometer), the slice was embedded in acrylic resin and 
polished. The polished specimens were vacuum dried for three days and carbon coated before 
the EPMA test (JAX-8530F). The measurement conditions included a 15-kV accelerating 
voltage and 50-nA beam current. The apparent chloride diffusion coefficient and surface 
concentration were obtained based on Fick’s second law [52]: 
 

𝐶ሺ𝑥, 𝑡ሻ ൌ 𝐶௦ െ ሺ𝐶௦ െ 𝐶଴ሻ𝑒𝑟𝑓 ൬
௫

ଶඥ஽೎௧
൰                                                          

(2) 
 
where 𝐶ሺ𝑥, 𝑡ሻ is the chloride concentration at depth x (m) and time t (s), 𝐶௦ and 𝐶଴ are 
the chloride concentration at the surface and the initial chloride concentration in wt%, 
respectively, x is the distance from exposed surface (m), 𝐷௖  is the diffusion coefficient 
(m2/s), and erf is the error function. 

2.4.3.TGA 

The powdered samples from 0-1, 2-3 mm, and center grinding layers were used for 
thermogravimetry analysis (TGA) analysis (Hitachi TG7000 instrument). About 12 mg 
powder was weighed and placed into a platinum crucible. The measurement was heated in 
the range 30–1000 °C at a rate of 10 °C/min with nitrogen flow. 
 



 

3.  Results  

3.1.  Properties before exposure to NaCl  

Fig. 1 shows the compressive strength of the mortars at specified ages. At three days, the 
incorporation of additional activators helped improved the strength development, irrespective 
of the curing temperature. The Na2SO4 sample exhibited the highest strength, which is 7.9 
MPa at 20 °C. The strength of the respective samples improved as the curing temperature 
increased, but the impact of additional activators was not as significant as that at 20 °C. The 
higher compressive strength may be attributed to the higher reaction degree, as shown in Fig. 
2. However, at 28 days, compared to the control group, most additional activators had a 
negative impact on the strength development, especially Na2SO4, regardless of the curing 
temperature, which was similar to the results reported by previous studies [29,32]. As 
presented in Fig. 3 and Table 2, the low compressive strength was attributed to the coarsen 
pore structure. 

Fig. 2 shows the reaction degree of the pastes at 3, 7, and 28 days. Generally, at an early 
stage, additional activators and a curing temperature of 35 °C significantly promoted the 
reaction of slag, and this is consistent with the results of strength development. However, 
when the curing age was raised to 28 days, the reaction degree did not seem to increase further.  

The information of pore structure of the pastes at 28 days is presented in Fig. 3 and Table 
2. To distinguish between the capillary pore and gel pore, the critical pore radius of 10 nm 
was used [54]. The total porosities of all the samples were similar, irrespective of composition 
the curing conditions. However, the samples that included additional activators had a larger 
fraction of capillary pores, and this phenomenon was aggravated at a high curing temperature. 

Fig. 4 shows the XRD results between 5 to 35 °2θ of the pastes at 28 days. As the main 
hydrates in AAS[55], C-(A)-S-H and hydrotalcite-like phases were present in all samples. 
The additional activators had a considerable impact on the AFm phase. For Na2SO4, 
monosulfoaluminate (SO4-AFm) and a small amount of ettringite (AFt) is clearly visible. For 
NaNO2 and Ca(NO2)2, a broadening peak around 11.5° 2𝜃 was detected. The solid solution 
of NO2-AFm (Ca4Al2(OH)12(NO2)2∙4H2O) (basal spacing d = 7.91 Å) and hydroxy AFm 
(C4AH13) (basal spacing d = 7.99 Å)[56] was inferred. In addition, Mg–Al LDHs at 11.6° 
and hemicarboaluminate (C4Ac0.5H12) at 10.5° were also detected. The identifying peak for 
NaNO2 is broader than that of Ca(NO2)2 at 20 °C. The peaks are narrower but still slightly 
asymmetric at 35 °C. The amount of hemicarboaluminate varied according to the curing and 
storage conditions; the peak corresponding to hemicarboaluminate can be clearly observed 
in the control group at 20 °C, while the peak cannot be observed for other samples and the 
control cured at 35 °C. 

In summary, a curing temperature of 35 °C and the additional activators could effectively 
improve the reaction and compressive strength at an early stage. However, the impact at the 
later stage was not significant. The samples with additional activators coarsen the pore 
structure and inhibit strength development at later ages.  

Table 2. Porosity of the pastes at 28 days. 



3.2.  Chloride binding isotherms 

The results of the total chloride binding after equilibrium were estimated from the 
differences in the concentration of the exposure solution before and after equilibrium with 
samples of known mass. To evaluate the chloride binding isotherms, chloride binding values 
were fitted by Langmuir 𝐶௕,௅ and Freundlich equation 𝐶௕,ி to evaluate which isotherm can 
better describe the chloride binding behavior, as shown in the following equations [17]: 

𝐶௕,௅ ൌ
ఈಽ஼೑

ଵାఉಽ஼೑
                                                                             

(3) 

𝐶௕,ி ൌ  𝛼ி𝐶௙
ఉಷ                                                                             

(4) 

where 𝐶௕ is the bound chloride, 𝐶௙ is the free chloride after equilibrium, and 𝛼 and 𝛽 
are the fitting parameters. 

As shown in Fig. 5, the increase in chloride concentration by up to 0.5 M results in a 
subsequent rise in the quantity of bound chloride in all samples. In pastes equilibrated at 0.5 
M NaCl, the bound chloride concentration varies from 13.8 to 21.7 mg/g, which is higher 
than both OPC and AAS with comparable liquid-to-solid mass ratios observed in data from 
Refs. [17,50,57–60]. Among these samples, the ones with added nitrites show strong chloride 
binding capacity, while those with added Na2SO4 show the lowest binding capacity. It is 
worth noting that the samples cured at 28 days show a similar reaction degree of slag, which 
indicated that the binding capacity of the pastes is significantly affected by other factors such 
as the type of hydration products and pore structure.  

The chloride binding isotherms of the pastes fitted by Langmuir and Freundlich isotherms 
are shown in Fig. 6 using experimentally determined data points. Table 3 shows a list of the 
fitting parameters. The samples with added nitrites show a similar chloride binding, which is 

Sample ID Total porosity 
Gel pore proportion 

(Gel porosity)  

Capillary pore 
proportion 

(Capillary porosity) 

Con 20 °C 44.47 % 51.13% (22.74 %) 48.87% (21.73%) 

Na2SO4 20 °C 42.95 % 40.61% (17.44%) 59.39% (25.51%) 

NaNO2 20 °C 43.75 % 40.99% (17.93%) 59.01% (25.82%) 

Ca(NO2)2 20 °C 44.41 % 43.80% (19.45%) 56.20% (24.96%) 

Con 35 °C 43.86 % 47.25% (20.72%) 52.75% (23.14%) 

Na2SO4 35 °C 44.20 % 37.98% (16.79%) 62.02% (27.41%) 

NaNO2 35 °C 47.02 % 39.62% (18.63%) 60.38% (28.39%) 

Ca(NO2)2 35 °C 43.52 % 41.43% (18.03%) 58.57% (25.49%) 



higher than those of the control and Na2SO4 samples, especially when the initial chloride 
concentration reaches 0.5 M, which is similar to the chloride ion content in seawater. The 
Na2SO4 samples exhibited the weakest adsorption capacity of chloride ions. Compared to 
those of the specimens cured at higher curing temperature, a majority of the samples cured 
at 20 °C showed a higher chloride binding capacity. 

Table 3 shows the fitting parameters of the Langmuir and Freundlich equations. The 
Freundlich equation provides a better fit for the data, as seen in Table 3. Hence, it was used 
to determine the chloride binding coefficient 𝛼 in this study. The coefficients do not have 
any physical meaning as they are not material properties but can be used to indicate the 
chloride binding capacities of the samples. The chloride binding coefficient 𝛼 was greater 
for the samples with added nitrites and those cured at lower temperatures.  
Most studies have reported that the higher curing temperature could result in an increase in 
the chloride binding capacity of the samples due to the higher reaction degree, which further 
led to an increased amount of related hydration products [43]. However, the phenomenon 
was reversed in this study, which could be affected by the pore structure, pore solution 
composition, leaching phenomenon, and the dissolution of the chloride binding phase, and 
this should be assessed further. 
Table 3. Fitting parameters for the Langmuir and Freundlich isotherms. 
Sample ID 𝛼௅ 𝛽௅ R2 Model 
Con 20 °C 144.23 5.99 0.99 

Langmuir 

Na2SO4 20 °C 87.17 4.24 0.99 
NaNO2 20 °C 286.46 12.97 0.98 
Ca(NO2)2 20 °C 278.25 11.92 0.93 
Con 35 °C 132.60 5.77 0.99 
Na2SO4 35 °C 46.06 1.50 0.98 
NaNO2 35 °C 133.37 5.00 0.92 
Ca(NO2)2 35 °C 267.60 11.86 0.99 
 𝛼ி 𝛽ி R2  
Con 20 °C 26.01 0.49 0.97 

Freundlich 

Na2SO4 20 °C 20.75 0.55 0.99 
NaNO2 20 °C 25.99 0.37 0.97 
Ca(NO2)2 20 °C 27.47 0.39 0.99 
Con 35 °C 21.45 0.71 0.99 
Na2SO4 35 °C 18.94 0.38 0.99 
NaNO2 35 °C 28.27 0.52 0.97 
Ca(NO2)2 35 °C 26.33 0.38 0.98 

 

3.3.  Phase transformation after chloride binding test 

The analysis of XRD patterns is presented in Fig. 7 and 8. The trend of phase 
transformation after chloride exposure was consistent for different samples, irrespective of 
the curing conditions. As shown in Fig. 7(a) and Fig. 8(a), as the chloride ion concentration 
increased, the amount of portlandite decreased and that of calcite increased, especially at 



higher concentrations (i.e. 0.25 and 0.5 M).  
The variation in the peak that was located between 10 and 12° (2θ) is more complex. The 

enlarged representative XRD patterns of samples after exposure to low and high 
concentrations of chloride are shown in Fig. 7 (b) and Fig. 8 (b), respectively. At low chloride 
concentrations, the peaks decreased to lower 2θ values, the peak intensities were low, and the 
peaks were broad, especially for the control group and Na2SO4. For the control group and 
Na2SO4, the peak around 11. 54° (2θ) was still visible, and a second peak appeared at 
approximately 11.04° (2θ), which was between those for hemicarboaluminate and Friedel’s 
salt. As reported by Chen et al. [32] and Georget et al. [61], this peak may be associated with 
the solid solution of hemicarboaluminate and Friedel’s salt. The exchange of CO3

2- and Cl- 
in the interlayer of the AFm-like phase resulted in an increase in the d-spacing. For Ca(NO2)2 
and NaNO2, a more symmetrical peak occurred around 11.14 ° (2θ), and this may be 
attributed to the higher anion intercalation rate provided by NO2

- and easier exchange of NO2
- 

with Cl- [62]. At higher chloride concentrations, a more asymmetrical peak was observed 
around 11.2° (2θ) for all samples, which could be attributed to the decomposition of 
hemicarboaluminate and hydrotalcite-like phases. This will be explained in detail via 
thermodynamic modeling. 

Fig. 9 presents the quantified XRD results of the samples after chloride exposure. The 
amount of Friedel’s salt in all samples tended to increase gradually as the chloride ion 
concentration increased, and the amount of portlandite gradually decreased. The amount of 
hydrotalcite-like phase tended to slightly decrease, and the amount of hemicarboaluminate 
remained essentially unchanged. It is worth noting that as shown in Fig. 7 and 8, the changes 
in portlandite and hemicarboaluminate can only be used as a reference because portlandite 
reacts with carbon dioxide, thus producing large amounts of calcite. It seems that samples 
after chloride exposure are more easily carbonated, and this behavior was consistent with the 
phenomenon observed by Chen et al [32]. In addition, Buenfeld et al. [40] also observed 
some aragonite formed after chloride exposure. 

3.4.  Thermodynamic simulation of phase assemblages after chloride exposure 

Fig. 10 shows the volume of the different hydration phases of the samples cured at 20 °C 
predicted by thermodynamic modeling. Due to the similar change tendency, the results for 
samples that were cured at 35 °C are displayed in the supplemental data. It is worth noting 
that the thermodynamic simulation predicts the results under ideal conditions, and thus, a 
comparison of the XRD results shows that almost no calcite is produced. Furthermore, the 
physical binding of C-(A)-S-H was also not considered in the thermodynamic simulation. 
However, it can still provide useful information regarding chemical chloride binding analysis 
and theoretical total chloride binding calculations. 

When the chloride concentration increased, a majority of the AFm-like phase and 
portlandite gradually decomposed. In the control group, due to the lack of the SO4-AFm 
phase, the C3AH6, hemicarboaluminate, and hydrotalcite-like phases started to transform into 
Friedel’s salts. After complete decomposition of hydrotalcite, Friedel’s salts continued to 
grow and brucite formed due to the release of Mg2+ from the hydrotalcite-like phase.  

In Na2SO4, NaNO2, and Ca(NO2)2, the situation was more complex due to the diversity 
of the AFm-like phase, especially at low chloride concentration. In these samples, before the 



formation of Friedel’s salt, Kuzel’s salt (Ca4Al2(OH)12Cl(SO4)0.5(H2O)6) were formed, and 
this is related to the SO4-AFm phase that was formed before exposure to NaCl. As the Cl 
concentration increased, Kuzel’s salts were transformed into Friedel’s salts, and the released 
sulfates were bound in AFt when the chloride concentration was higher than 0.2 M. This 
finding is in agreement with the results of [63,64]. It seems that AFt recrystallizes in all the 
samples with additional activators. This behavior was not seen during the XRD measurement, 
and this may be attributed to the small amount of phase, which was not detectable. Evidently, 
in Na2SO4, more Kuzel’s salts were formed due to the formation of more SO4-AFm by the 
additional SO4

2-. The formation of Kuzel’s salts resulted in a decrease in the chloride binding 
capacity of the samples at a low concentration of NaCl, especially for Na2SO4, which can 
partially explain the low chloride binding capacity of Na2SO4 shown in Fig. 6.  

Moreover, in all samples, the hydrotalcite-like phase decomposed and chloride-bearing 
hydrotalcite was not predicted to form in in environments with NaCl exposure, which is in 
agreement with the experimental results of Ke et al. [31] and the simulation results of Zuo et 
al. [53]. Among the decomposed hydrates, hemicarboaluminates seem to be more stable, and 
this may be related to the natural carbonation process. In addition, a more recent article [61] 
provides interesting insights into the interactions between CO3-AFm and Friedel’ salts. 
Hemicarboaluminate can accept anions such as chloride and sulfate to stabilize the solid 
solutions due to ion exchange, resulting in an increase in the configurational energy.  

3.5.  Element map and microstructure change after chloride diffusion 

As a more pronounced calcium-rich layer was observed on the exposed surface in the 
samples that were 35-°C-cured, the elemental map of the samples after chloride exposure 
cured at 35 °C is presented in Fig. 11. The results of the 20-°C-cured specimens are displayed 
in the supplemental data. The precipitation of the calcium-rich layer, which is assumed to be 
made of carbonates (see Fig. 12), possesses a higher number of samples with added Na2SO4 
and NaNO2 (around 0.01 mm) than that in the control group and in samples with added 
Ca(NO2)2. The evidence for the calcium-rich layer being made of carbonates is given in 
Section 4.2 (Fig. 18). In all samples, except the unreacted slag, the Ca ions were uniformly 
distributed in the pores.  

To further investigate the microstructural changes caused by chloride exposure, the 
backscattered electron (BSE) images of the 35-°C-cured samples are presented in Fig. 12. A 
typical microstructure observed in slag with Ca(OH)2 activation is shown in Fig. 12(a). In 
addition to the large amount of unreacted GGBFS on the rims of hydration products, large 
amounts of agglomerated portlandite can be observed. However, after exposure, clusters of 
portlandite could not be clearly seen in the other samples except for the ones with added 
Na2SO4 (Fig. 12(c)). Instead, many calcium-rich phases were dispersed and filled in the pores, 
typically in Ca(NO2)2 (Fig. 12(e)), and this is in good agreement with the element map results. 
In Na2SO4, only the agglomerated portlandite remained. As mentioned previously, numerous 
filamentous hydration products assumed to be calcite were formed, as shown in Fig. 12(a) 
and (d). This was in good agreement with the XRD results (Fig. 8). The chemical composition 
and chloride binding capacity of the rims surrounding unreacted slag were analyzed by EDX, 
as shown in Fig. 12(b). The intermixed hydration products of the hydrotalcite-like phase and 
C-(A)-S-H were observed, and this was in good agreement with the results observed by Li et 



al.[65] As demonstrated by numerous researchers, the physical binding contributed to a 
majority of the chloride binding capacity of the hydrotalcite-like phase and C-(A)-S-H. 
Compared to Cl-AFm shown in Fig. 12(c), the binding capacity of the intermix hydration 
products was weaker. Fig. 12(c) shows the microstructure of Cl-AFm, which is assumed to 
be Kuzel’s salt or the solid solution of Kuzel’s and Friedel’s salts. The observation is 
consistent with those of thermodynamic modeling. The Cl-AFm phase shows a sheet-like 
structure with a crack in the middle. A similar microstructure was reported in [66] in the case 
of SO4-AFm, and it seems that Cl-AFm did not have a significant impact on the morphology 
of SO4-AFm. 

In cement-based materials, chlorides are bound chemically or physically in the hydration 
products, and it is believed that the chemical composition is affected. A detailed explanation 
of the change in the composition is given in the next section. 

3.6.  Characterization of changes in phase composition after chloride exposure 

The EDX point analysis was performed on the samples after NaCl exposure. Fig. 13 
shows the atomic ratios of Al/Ca versus Si/Ca. The composition of C-(A)-S-H was defined 
at edge of the cloud of C-(A)-S-H points, which represents the least intermixed points. The 
points near the tie lines correspond to a binary mixture [37].  

As shown in Fig. 13, the Si/Ca ratio of C-(A)-S-H was in the range 0.3–0.7 for all the 
samples cured at 20 and 35 °C. This range is smaller than 0.4–0.8 and closer to that of the 
calcium-rich phase, which may be caused by the dissolution of calcium from portlandite, as 
suggested by XRD and BSE. Compared to the 20-°C-cured samples, the points of 35-°C-
cured samples were more decentralized, and the cloud of C-(A)-S-H shifted relatively to the 
left and higher Al/Ca around 0.6 was found near the tie line corresponding to the AFm phase 
and C-(A)-S-H as presented in Fig. 12(b). 

In Fig. 14, the atomic ratio of Mg/Si versus Al/Si is plotted to analyze the changes in the 
hydrotalcite-like phase. After chloride exposure, the change in Mg/Si versus Al/Si near the 
exposure surface was relatively less compared to the center area of the samples. However, 
two trends were observed for each of the temperatures. For the points obtained between 0 
and 1 mm in depth, the distribution of data tended to be more linear. The average Mg/Al 
ratios observed at the main trends, which represent the hydrotalcite-like phase in this study, 
for the 20- and 35-°C-cured samples were 1.46 and 1.6, respectively. Evidently, both were 
lower than those of the pure hydrotalcite phase, which has a Mg/Al ratio from 2 to 3, as 
reported by Mill et al. [67]. As all the Mg in the hydrotalcite-like phase came from slag and 
most of the hydrotalcite-like phase formed surrounded unreacted slag, the lower Mg/Al ratio 
indicates intermixed phases of the hydrotalcite-like phase and C-(A)-S-H, as shown in Fig. 
12. This was also supported by the Al/Si ratio shown in this figure and Fig. 12, wherein it 
was shown that the Al/Si exceeds the restricted Al/Si ratio, which is around 0.15, in synthetic 
C-(A)-S-H [68]. 

To identify the phases binding chloride, the Al/Ca versus Cl/Ca ratio is plotted in Fig. 15. 
For the 20-°C-cured samples, the highest Cl/Ca ratio, around 0.4, was obtained at depths of 
0–2 mm, which may present the solid solution of Friedel’s and Kuzel’s salts. This agrees well 
with the results of thermodynamic modeling (Fig. 10) and BSE observations (Fig. 12). A 
favorable trend observed was that the Cl/Ca ratio decreased as the exposure depth increased. 



For all samples cured at 20 °C, the Cl/Ca ratio converged to 0 at the depth from 4 mm. 
However, for samples cured at 35 °C, the highest Cl/Ca ratio was lower than 0.25, and this 
may be attributed to the solid solution of the hydrotalcite-like phase and Kuzel’s salts. For 
all samples, at the depth of 0–1 mm, the data plot of the Cl/Al ratio becomes flat and runs 
parallel to the X axis, indicating low chloride binding. This may be attributed to carbonation, 
as shown in the element mapping (Fig. 11) and TG results (Fig. 18). No obvious trend was 
observed between the chloride binding capacity and ingress depth, as suggested by some 
studies [69,70]. The carbonation may lead to a denser structure, and this may contribute to 
the chloride ingress resistance. This will be explained in detail in the sections that follow. 

3.7.  Apparent chloride diffusion coefficient 

The apparent chloride diffusion coefficients fitted by Fick’s second law of the data 
obtained through EPMA measurements are listed in Table 4. After immersion for 28 days 
immersion in 0.5 M NaCl, relatively low apparent chloride diffusion coefficients were 
observed in NaNO2 and Ca(NO2)2, irrespective of the curing temperature, indicating 
improved chloride resistance of the samples with added nitrite. Compared to the control 
group and samples with added Na2SO4 cured at 20 °C, the 35-°C-cured specimens showed a 
more apparent chloride diffusion coefficient, which indicates a higher tendency of chloride 
penetration. This agrees with the results of chloride binding capacity shown in Fig. 5. 

Table 4. Apparent chloride diffusion coefficient and pH 

Sample 
Apparent chloride 

diffusion coefficient ( ൈ
10ିଵଶ 𝑚ିଵଶ/𝑠ሻ 

pH measurement in 
exposure solution 

Con 20 °C 1.0 9.95 

Na2SO4 
20 °C 

1.0 10.22 

NaNO2 
20 °C 

0.65 10.69 

Ca(NO2)2 
20 °C 

0.55 10.26 

Con 35 °C 1.1 10.28 

Na2SO4 
35 °C 

1.1 10.35 

NaNO2 
35 °C 

0.65 11.22 

Ca(NO2)2 
35 °C 

0.65 10.53 

 

4.  Discussion 



4.1.  Impact of additional activators and curing temperature on overall chloride binding 
content 

The impact of additional activators and curing temperatures on the chloride binding 
capacity of the specimens exposed to 0.5 M NaCl and the effect of pore structure, pH value, 
phase assemblage, and carbonation are further discussed for a clear understanding of the 
difference.  

As discussed in Section 3.1, although the additional activators and different curing 
temperatures coarsen the pore structure of the samples, the impact on the reaction degree at 
a later age was small (Fig. 2). The same amount of C-(A)-S-H was formed, and as shown in 
Table 5, the average Ca/Si ratio calculated by SEM-EDX was almost the same, indicating 
similar chloride binding capacities of the samples. As the additional activators mainly 
changed the type of AFm phase, the impact of AFm phase type and pore structure on the 
chloride ingress resistance should be discussed further.  

As shown in Fig. 10, because different activators were added, SO4-AFm was mainly 
formed in samples with added Na2SO4, whereas NO2-AFm, SO4-AFm, and OH-AFm were 
mainly formed in samples with added NaNO2 and Ca(NO2)2. With an increase in the Cl 
concentration, the hydrotalcite-like phase and AFm phase decomposed to form Cl-AFm. The 
valence of the anions in the additional activators plays a significant role in the manner in 
which phase assemblage changes. In the control group, due to the small amount of SO4

2-, 
Friedel’s salts were directly formed, whereas in the samples with additional activators, 
Kuzel’s salts were first formed. Compared to the samples with added NaNO2 and Ca(NO2)2, 
evidently, in Na2SO4, before chloride exposure, a higher amount of SO4-AFm formed due to 
the additional SO4

2-  (Fig. 4). After chloride exposure, as the chloride content increased, the 
ion exchange occurred in the interlayer of the AFm phase, some SO4

2- was replaced by Cl-, 
resulting in the formation of the solid solution of SO4-AFm and Kuzel’s. As the chloride ion 
concentration increases further, the anions in the AFm interlayer are completely replaced by 
chloride ions, resulting in the formation of Friedel’s salts. It should be noted that at low 
chloride concentration (< 0.2 M), in the control group and the samples added with nitrites, 
due to less SO4

2- incorporation, the AFm phase transformed to Friedel’s salts more rapidly. 
This is the reason why more Kuzel’s salts formed with the Na2SO4. According to the 
composition of Kuzel’s salts (Ca4Al2(OH)12Cl(SO4)0.5(H2O)6) and Friedel’s salts 
(3CaO∙Al2O3∙CaCl2∙10H2O), Kuzel’s salts contain less chloride per mol than Friedel’s salts. 
The formation of Kuzel’s salts reduced the chloride binding capacity of the samples at a low 
concentration of NaCl, especially for Na2SO4, which can partially explain the low chloride 
binding capacity of Na2SO4, as shown in Fig. 6 

In line with previous studies [59,71], an increase in pH was observed when the samples 
were exposed to a 0.5-M NaCl solution, as shown in Fig. 16. As suggested by Weerdt et al. 
[59], the change in pH is caused by changes in the phase transformation of the AFm phase 
(i.e., the formation of AFt from SO4-AFm or Friedel’s salts supplies additional hydroxyl ions). 
Although thermodynamic modeling predicted that AFt may be formed, as shown in Fig. 8, 
almost no AFt was formed, and the amount of hemicarboaluminate was relatively stable (Fig. 
9). This resulted in the formation of Friedel's salt, which can consume the available aluminum 
ions that would compete with the formation of AFt, because both reactions require aluminum 



ions. In the presence of high concentrations of chloride ions, the Friedel's salt can consume 
a majority of the available aluminum ions, and thus, they may not contribute the formation 
of AFt. As shown in Fig. 16, a relatively high pH was observed in the samples that were 
exposed to NaCl after the chloride equilibrium test, which indicated the occurrence of 
leaching phenomenon. This phenomenon indicates that a large amount of portlandite was 
dissolved, which is also supported by the XRD results. A higher pH value was observed in 
the 35-°C-cured samples, which may be caused by the coarse pore structure (Fig. 3). At 
higher pH, carbonation occur and the hemicarboaluminate would become more stable. 
Therefore, the amount of the AFm phase that could be converted to Cl-AFm phase decreased. 
This could explain the lower total chloride binding capacities of the 35-°C-cured samples, 
even though more hydration products were formed [25]. Although the measured and 
predicted trends of pH change are almost consistent, the actual measured pH is lower, and 
this may be attributed to the dissolution of most portlandite and the formation of large 
amounts of calcite by natural carbonation, as suggested by the XRD results (Figs. 7 and 8). 
This also could explain the stability of hemicarboaluminate. However, carbonation may 
affect the chloride binding capacity because the phase converted to Friedel’s salt was reduced, 
and instead of Friedel’s salts, hydrocalumite (3CaO ∙Al2O3 ∙ 0.5CaCO3 ∙ 0.5CaCl2 ∙10.8H2O) 
may be formed [72]. 

 

Table 5. Average composition of the binder gel phases. 

Sample Si/Ca Al/Ca Cl/Si Mg/Si Mg/Al 

Con 20 °C 0.49  0.24  0.12  0.27  0.51  

Na2SO4 20 °C 0.42  0.29  0.26  0.30  0.32  

NaNO2 20 °C 0.44  0.21  0.11  0.24  0.48  

Ca(NO2)2 20 °C 0.42  0.20  0.09  0.26  0.56  

Con 35 °C 0.46  0.22  0.12  0.37  0.57  

Na2SO4 35 °C 0.44  0.29  0.12  0.32  0.31  

NaNO2 35 °C 0.43  0.21  0.09  0.26  0.43  

Ca(NO2)2 35 °C 0.48  0.25  0.07  0.31  0.57  

4.2.  Effect of carbonation and leaching on the chloride ingress  

The difference in Si/Ca (Fig. 13) and Mg/Al (Fig. 14) between the samples cured at 20 
and 35 °C after chloride ingress was not significant. However, for the phase binding chloride, 
large differences occurred. Fig. 17 further illustrates the changes in the Cl/Al ratios with the 
changes in the ingress depth. It should be noted that the discussion is simplified, the chloride 



binding in C-(A)-S-H was not considered because the chloride binding capacity of C-(A)-S-
H is low. Similar to the results shown in Fig. 15, the maximum Cl/Al ratio was observed in 
samples with added Na2SO4 cured at 20 °C. An increase in the Cl/Al ratio from 0-1 to 1-2 
mm was observed in all samples, and this may be attributed to carbonation [73]. Another 
phenomenon is that compared to the specimens cured at 20 °C, the results of the Cl/Al ratio 
of the specimens cured at 35 °C were much lower, which may be because of heavier 
carbonation and leaching. A degradation process, referred to as calcium leaching, occurs 
when calcium ions migrate to the pore solution, and this leads to the gradual dissolution of 
cement hydrates. The leaching of calcium ions was a common phenomenon in the chloride-
rich environment, resulting in the formation of concentration gradients [74]. During the 
leaching process, calcium hydroxide is the first hydration product that is leached due to its 
solubility. These findings were confirmed through the TG-DTG analysis results, as shown in 
Fig. 18. After the chloride diffusion test, four major weight losses were observed in all 
samples. The weight loss concentrated around 100 °C may be associated with C-(A)-S-H, 
AFm, and AFt phases [75]. The hump mass loss peaks from 210 to 360 °C were related to 
hydrotalcite, Friedel’s salt, and brucite [32]. The narrow peak around 400 °C was derived 
from the dehydration of portlandite [43]. The peak associated with carbonates was observed 
at around 600 °C. After NaCl exposure, the most apparent phenomenon was that as the 
samples were taken from locations closer to the contact surface, the amount of portlandite 
decreased, and the corresponding carbonization became more pronounced. The carbonation 
phenomenon was more severe for the 35-°C-cured samples. Moreover, as shown in Fig. 18, 
compared to the sample from the center, the closer the sample to the exposure surface, the 
less the portlandite, although the number of carbonates changed accordingly. Moreover, as 
shown in Fig. 18, compared to the sample from the center, despite the change in the number 
of carbonates, the closer the sample to the exposure surface, the lesser the amount of 
portlandite. The depletion of carbonates due to carbonation results in a decrease in the pH of 
the concrete. The pH is important because it affects the solubility of portlandite. As the pH 
decreases, the solubility of portlandite decreases, leading to a reduction in the amount of 
portlandite that can be formed. Another mechanism that can contribute to the reduction in 
portlandite during the chloride diffusion test is the leaching of calcium ions. Chloride ions 
have a high affinity for calcium ions, and as they diffuse through the concrete, they can 
displace the calcium ions from the portlandite. This may further lead to a decrease in the 
amount of portlandite available in the samples. However, it is worth noting that not all of the 
portlandite is converted to carbonate during the chloride diffusion test. In fact, the extent of 
carbonation depends on several factors, including the concentration of CO2 in the 
surrounding environment, the moisture content of the samples, and the duration of exposure. 
With the leaching of calcium ions, the closer they are to the contact surface, the coarser the 
pore structure. This is also more conducive to the entry of ions, and it further leads 
carbonation. The farther they are from the contact surface, the less likely this phenomenon. 
As a result, not all portlandite are converted into carbonates. 

The measured pH value after the chloride diffusion test also supported the leaching 
phenomenon, and this was consistent with the trend of pH changes in the chloride binding 
test, the samples cured at higher temperature had higher pH values due to the coarse pore 
structures. During the diffusion test, a majority of the portlandite dissolved in the pore 



solution to form calcite and Ca-rich phases (Fig. 12), which may fill the pore space, and this 
further led to leaching of calcium that formed the calcite layer at the exposure surface (Fig. 
13). The results shown in Table 3 indicate that the changes in the curing temperature do not 
have a significant impact on the apparent chloride diffusion coefficient, and this may be 
attributed to the fact that a denser exposure surface has a positive effect on the chloride 
ingress resistance, especially for samples cured at higher temperatures. This effect has also 
been reported in a study by Machner et al. of composite cement exposed to NaCl and NaCl 
+ KOH [37]. The dense layer formed on the exposed surface is expected, and some of the 
filamentous carbonate fills the pores (Figure 12(d)), which also contributes to crack closure 
[69]. This means that although heavier leaching occurred at a higher curing temperature, the 
dissolved calcium ions in the pore solution may be carbonated due to the high pH value. The 
coarse pore structure of the specimens cured at higher temperatures more likely aggravated 
the leaching phenomenon. Thus, the calcium-rich layer was more likely to precipitate on the 
exposed surfaces of the samples, and this may have further inhibited the chloride ingress to 
some extent. 
 
5.  Conclusions 
The impact of additional activators (Na2SO4, NaNO2, and Ca(NO2)2 and curing temperature 
(20 and 35 °C) on the chloride ingress resistance upon NaCl exposure of Ca(OH)2-activated 
GGBFS was studied quantitatively based on a combination of XRD, SEM-EDS,TGA and 
thermodynamic modeling. The following conclusions were drawn: 

· Although Na2SO4 and a high curing temperature have a positive impact on the properties 
of slag activated by Ca(OH)2 at an early stage. However, they make the pore structure 
coarser and reduces chloride resistance. The resistance to chloride ion attacks exhibits 
additional-activator dependence. 

· Compared to the control group and samples added with nitrites, samples with added 
Na2SO4 showed a lower chloride binding capacity. The difference in the chloride binding 
capacity at the low chloride concentration was primarily affected by the types of the 
AFm phase, which further affected the alteration in the phase assemblage after NaCl 
exposure. 

· The chloride binding capacity of the 35-°C-cured samples shows similar trends but a 
lower chloride binding capacity due to the heavier leaching caused by the coarse pore 
structures. 

· The samples with added nitrites showed higher chloride ingress resistance compared to 
the control group and samples with added Na2SO4, and the impact of the curing 
temperature was negligible. Although carbonation and leaching have a negative impact 
on the chloride binding capacity, it seems that the phenomena have a positive effect on 
the chloride ingress resistance due to the denser layer formed at the exposed surface and 
carbonates formed in the pore space. 
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Figure Captions 

Fig. 1. Compressive strength of mortars. 

Fig. 2. Reaction degree of pastes at 3, 7, and 28 days. 

Fig. 3. Pore structure of Ca(OH)2-activated GGBFS pastes at 28 days. (a) Pore size 
distribution at 20 °C; (b) Cumulative pore volume at 20 °C; (c) Pore size distribution at 35 °C; 
(d) Cumulative pore volume at 35 °C. 

Fig. 4. XRD patterns of pastes at 28 days. AFt: Ettringite, Ms: Monosulfoaluminate, Hc: 
Hemicaroaluminate, CH: Portlandite, CC: Calcite. 

Fig. 5. Chloride binding isotherms for pastes with additional activators cured at 20 and 35 °C 
and chloride binding capacity of various binders reported in Refs.[17,50,59,60,75,76]. 

Fig. 6. Total chloride binding data fitted by the Langmuir and Freundlich isotherms. 

Fig. 7. XRD patterns of pastes cured at 20 °C after chloride exposure. (a) Pastes after 
exposure to the specified chloride concentrations. (b) Enlarged XRD patterns between 7 to 
16° of pastes before exposure and after exposure to 0.025 and 0.5 M chloride.  

Fig. 8. XRD patterns of pastes cured at 35 °C after chloride exposure. (a) Pastes after 
exposure to specified chloride concentrations. (b) Enlarged XRD patterns between 7 to 16° 
of pastes before exposure and after exposure to 0.025 and 0.5 M chloride.  

Fig. 9. Quantified key phases determined by XRD-Rietveld analysis. 

Fig. 10. Phase assemblage of samples cured at 20 °C as function of chloride concentration. 
(a) control group, (b) Na2SO4, (c) Ca(NO2)2, (d) NaNO2. 

Fig. 11. Element map of samples cured at 35 °C after NaCl exposure. Exposed surface is 
located at right of the image. 

Fig. 12. Microstructure analysis of samples cured at 35 °C by BSE-EDX. (a) Control samples 
before chloride exposure, (b) Control samples after chloride exposure, (c) Na2SO4, (d) 
NaNO2 and (e) Ca(NO2)2. △: Kuzel’s salt, □: Portlandite. 

Fig. 13. Al/Ca versus Si/Ca atomic ratios after samples were exposed to NaCl solutions at 
depths from 0 to 7 mm obtained by SEM-EDX. (a) 20 and (b) 35 °C. std: analyzed point from 
the center layer of samples. 

Fig. 14. Mg/Si versus Al/Si atomic ratios after the samples were exposed to NaCl solutions 
at depths from 0 to 7 mm obtained by SEM-EDX. (a) 20 and (b) 35 °C. std: powder extracted 
from center layer of the samples. 

Fig. 15. Al/Ca versus Cl/Ca atomic ratios after samples were exposed to NaCl solutions at 
depths from 0 to 7 mm obtained by SEM-EDX. (a) 20 and (b) 35 °C. std: powder extracted 
from center layer of the samples. 



Fig. 16. Comparison between measured and predicted pH as a function of NaCl concentration. 

Fig. 17. Comparison of Cl/Al ratios as a function of ingress depth of the samples exposed to 
NaCl solution. 

Fig. 18. Comparison of TG and DTG curves of samples after exposure to 0.5 M NaCl for 
selected grinding layers. (a) control group, (b) Na2SO4, (c) NaNO2 and (d) Ca(NO2)2. Fs: 
Friedel’s salt. 
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