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Abstract: Chloride binding is a complex phenomenon in which the chloride ions bind with hydrated
Portland cement (PC) phases via physical and chemical mechanisms. However, the current utilization
of clays as (Al)-rich supplementary cementitious materials (SCMs), such as metakaolin (MK), can
affect the chloride-binding capacity of these concrete materials. This state-of-the-art review discusses
the effect of clay-based SCMs on physical and chemical chloride binding with an emphasis on MK as
a high-reactivity clay-based SCM. Furthermore, the potential mechanisms playing a role in physical
and chemical binding and the MK effect on the hydrated cement products before and after exposure
to chloride ions are discussed. Recent findings have portrayed competing properties of how MK
limits the physical chloride-binding capacity of MK-supplemented concrete. The use of MK has been
found to increase the calcium silicate hydrates (CSH) content and its aluminum to silicon (Al/Si)
ratio, but to reduce the calcium to silicon (Ca/Si) ratio, which reduces the physical chloride-binding
capacity of PC-clay blended cements, such as limestone calcined clay cements (LC3). By contrast, the
influence of MK on the chemical chloride capacity is significant since it increases the formation of
Friedel’s salt due to an increased concentration of Al during the hydration of Portland cement grains.
Recent research has found an optimum aluminum to calcium (Al/Ca) ratio range, of approximately
3 to 7, for maximizing the chemical binding of chlorides. This literature review highlights the
optimal Al content for maximizing chloride binding, which reveals a theoretical limit for calcined
clay addition to supplementary cementitious materials and LC3 formulations. Results show that
5–25% of replacements increase bound chloride; however, with a higher percentage of replacements,
fresh and hardened state properties play a more pivotal role. Lastly, the practical application of
four binding isotherms is discussed with the Freundlich isotherm found to be the most accurate in
predicting the correlation between free and bound chlorides. This review discusses the effects of
important cement chemistry parameters, such as cation type, sulfate presence, carbonation, chloride
concentration, temperature, and applied electrical fields on the chloride binding of MK-containing
concretes—important for the durable formulation of LC3.

Keywords: metakaolin; low-CO2 concrete; sustainable construction; chloride binding; chloride-induced
corrosion; chloride-binding isotherms

1. Introduction

The use of calcined clays has attracted global research attention as a widely accessible
supplementary cementitious material (SCM) with a significant chance of reducing the
carbon-intensive emissions associated with the production of Portland cement [1]. Consid-
ering the limitation of industrial byproducts, such as silica fume (SF), ground granulated
blast-furnace slag (GGBS), and fly ash (FA), the global availability of clays, as well as the
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accessibility to calcination technology, have been poised as major contributors to the use of
clays as SCMs and key components in the formulation of limestone calcined clay cement
(LC3) to reduce Portland cement consumption and consequently reduce the Carbon dioxide
(CO2) emission of the cement industry [2–7]. The environmental advantage of SCMs, par-
ticularly MK, is mainly ascribed to less required production of energy raw material and less
CO2 emission in the production process and indirectly by increasing the elongating cement
service life [4]. The calcination of kaolin clays, which contains 40–45 wt.% Al2O3 [4,8,9],
improves their reactivity and renders them metakaolin (MK). The reactivity improvements
are due to the dehydroxylation and destruction of the plate-like morphology of the kaolin
clay [1,10]. When compared to other SCMs, such as SF, GGBS, or FA, MK contains the
highest alumina content [11]. As a result, these calcined clays can be utilized to replace
Portland cement and reduce the clinker-to-cement ratio [12–15]. Note that MK has a great
potential to be consumed solely or in combination with other SCMs in different types of
concrete, such as fiber-reinforced concrete, self-compacting concrete, pervious concrete,
and shotcrete [4].

In addition to improvements in the embodied carbon of concrete materials with
clay-based SCMs, recent research has demonstrated the refinement of the pore structure
resulting in improved mechanical and durability properties [4]. These effects are attributed
to the pozzolanic reaction of the silica and alumina content with calcium hydroxide (CH)
to produce additional calcium silicate hydrates (CSH), calcium aluminosilicate hydrates
(CASH), and calcium aluminate hydrates (CAH). The formation of binder phases enables
the porosity to decrease with a concomitant reduction in non-load bearing phases, such as
CH. Other potential mechanisms such as physical filling also play a role [4,10,16]. However,
replacing Portland cement with clay-based SCMs also has an important effect on lowering
the alkalinity of the pore solution, which has implications for the durability of the concrete
material—especially for global durability challenges such as the corrosion of reinforced
concrete structures.

The corrosion of embedded reinforcement in reinforced concrete structures is one of
the most pervasive global durability challenges [17–21]. The utilization of clay-based SCMs
can compromise the durability of concrete materials due to the reduced alkalinity of the
pore solution chemistry which is an important factor in arresting chloride-induced elec-
trochemical corrosion of embedded reinforcement [22,23]. Reductions in the pore solution
alkalinity can lead to the pH-dependent breakdown of the passive layer by reversing the
chemical hydroxylation of the iron metal surface during passivation; for which, see work
by [24]. It is well established that the presence of chlorides accelerates the dissolution of
iron metals via the formation of iron complexes. Recent research has shown that while Fe
(II)/Fe (III) chloride complexes may negligibly increase the solubility of iron, the temporary
formation of nano-sized particles of chloride green rust, GR (Cl−), as stabilized by Ph and
O2 conditions, can mediate the transport and precipitation of iron rust products far from the
steel-concrete interface [25]. These recent findings add complexity to the simplified under-
standing of electrochemical corrosion which has often relied on simplified critical chloride
thresholds (Ccrit) to indicate the start of the passive layer breakdown and subsequent dele-
terious corrosion [21,26–28]. Thus, further work is needed to understand the stabilization
of GR (Cl−) products in relation to the steel–concrete interface characteristics [29]. These
results will then need to be benchmarked by the chloride ion immobilization potential due
to the phase assemblages of the cementitious material.

The utilization of calcined clays as SCMs may counteract these durability limitations
via the formation of layered double hydroxide (LDH) phases that can arrest the transporta-
tion of deleterious anions, such as Cl− and CO3

2−—major culprits in the chloride-induced
electrochemical corrosion of reinforced concrete structures [30]. The alumina chemical
reactivity of clays is critical for the formation of chloride-binding phases [31]. For example,
all alumina in GGBS is amorphous with high activity [32]; however, 20–25% of alumina
in fly ash is crystalline and, hence, exhibits less chloride-binding potential than the alu-
mina content of GGBS [31]. Chloride binding is generally considered to be a physical
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or chemical process [33–35]. The chemical binding of chlorides has been attributed to
Friedel’s salt (Ca3Al2O6·CaCl2·10H2O) formation [36], while physical chloride binding
occurs when the chloride ions are physically adsorbed on the surface of the hydration prod-
ucts. Such chloride binding results in reduced chloride diffusion. Badogiannis et al. [37] and
Wang et al. [38] investigated the effect of chloride binding on apparent chloride diffusion
and found that chloride binding significantly reduces the apparent chloride diffusion and
consequently increases the time to corrosion initiation. This increase in chloride binding
leads to a higher concentration of surface chloride (Cs) exposed to marine environments [39].
However, a complete understanding of chloride binding when utilizing clays requires an
in-depth discussion of the recent progress in characterizing and evaluating the cement
chemistry factors controlling the immobilization of chlorides.

This state-of-the-art review discusses recent mechanistic findings on the effect of using
calcined clays, such as MK, on the chloride-binding capacity of concrete materials, such
as LC3 formulations. In this review, we present recent advances in our understanding of
both the physical and chemical chloride-binding mechanisms as influenced by clay SCMs.
In order to fully understand these mechanisms, the influential parameters for chloride
binding, such as the sulfate presence, carbonation, temperature, chloride concentration,
cation type, applied electrical field, and binding isotherms, are further explained.

2. Physical Chloride Binding of Specimens Containing MK

Physical binding is generally attributed to the attachment and accumulation of chloride
ions on the surface of hydrates. Three potential mechanisms have been proposed by
Ramachandran: a chemisorbed layer on the CSH surface, bound Cl between CSH layers,
and bound Cl in the CSH lattice [40,41]. Most of the physically bound chlorides are generally
attributed to chloride ions bound in the ion-exchange sites of CSH and CASH. This bound
mechanism differs as the composition of CSH and CASH is affected by the calcium to
silicon (Ca/Si) ratio or calcium ion concentration in concrete formulations [31,42–45]. Most
of the physically adsorbed chloride is adsorbed by CASH gel; the chloride adsorption by
CH, ettringite, and Friedel’s salt is neglected because of their small surface area compared
to CSH or CASH binder gels [46,47].

As previously mentioned, one of the parameters that significantly affects the physical
binding capacity of Portland cement materials is the Ca/Si ratio of CSH [31,48]. More
specifically, a reduction in the Ca/Si ratio reduces the physical capacity of the chloride
binding of CSH [31,41,49]. The average Ca/Si ratio in CSH is around 1.75 with a general
range of 0.7 to 2.0 [48]. Gue et al. [31] indicated that replacing Portland cement with 4%
MK does not significantly change the Ca/Si ratio; however, the replacement level of 16%
slightly decreases the Ca/Si ratio. Shi et al. [50] also observed a reduction in the Ca/Si
ratio in the mortar specimens containing 31.9% of MK and specimens containing 25.5% of
MK and 6.4% of limestone compared to the control specimens made with white Portland
cement. This binding reduction effect can be explained by the increase in the chain length
of CSH [51] which leads to the transformation of the CSH structure from amorphous to
layered with fewer binding sites and more distance between CSH layers [52], decreasing
calcium availability and leading to a net positive charge on the CSH surface, as well as
increasing the deprotonated silanol group on the CSH surface [53]. In this regard, Zhao and
Khoshnazar [54] reported that the Ca/Si ratio did not significantly decrease in specimens
containing 40% MK compared to 20% MK. This is in accordance with the results reported
for LC3 containing 50% and 95% of MK [55,56]. On the other hand, further research is
needed to understand how MK may also help increase the physical chloride binding due
to an increase of poorly chloride-binding CSH and CASH binder phases [33,57].

In contrast, using conventional replacement levels of MK (5–25%) increases the alu-
minum to silica (Al/Si) ratio of CSH, and thereby the aluminosilicate chain length [54,58,59].
Increasing the Al/Si ratio of CSH enhances binding capacity by substituting Al3+ for Si4+,
leading to more potential binding sites [31,47,60]. This effect may help to compensate for
the negative effect of MK on the physical binding capacity by decreasing the specific surface
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area of CSH [31]. However, physically bound chloride is usually a small proportion of the
total bound chloride, and the majority of chloride binding occurs in the form of chemical
chloride binding [61,62].

3. Chemical Chloride Binding of Specimens Containing MK

Chemical binding is generally attributed to Friedel’s salt formation, mainly from the
Tricalcium Aluminate (C3A) phase of Portland cement and reactive alumina of SCMs (see
Table 1) [31,46,61,63,64]. The use of clays, such as MK, increases alumina, ferric oxide, and
monosulfate (AFm) phases due to the high amount of aluminum ions during early cement
hydration reactions. AFm phases can contribute to chemical chloride binding via the
conversion to Friedel’s salt through a chloride anion exchange [31,46,64–67]. In this regard,
Gue et al. [31] showed a linear relation between chemically bound chloride and Friedel’s
salt intensity in SF and MK-containing pastes (see Figure 1). There are two main formation
mechanisms of Friedel’s salt, namely adsorption and anion exchange. In adsorption and
anion exchange, Na2+ and OH− are released, respectively [44,68]; thus, chloride binding
affects the chemistry of pore solution and increases its pH [44,67–69].

Table 1. Chloride content in pastes calculated using the equilibrium method (g per 100 g paste).
Adapted with permission from Ref. [64].

Replacement Level
Portland Cement–Metakaolin Pastes Reference Pastes

10% 20% 30% 10% 20% 30%

Total chloride 1.29 1.11 0.61 1.03 0.90 0.66
Free chloride 0.15 0.11 0.10 0.27 0.26 0.27

Bound chloride 1.15 1.00 0.51 0.76 0.63 0.38
Chloride calculated by
Friedel’s salt content 1.30 0.93 0.08 0.50 0.35 0.23
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Generally, the amount of chemical binding chloride depends mostly on phase assem-
blage rather than just aluminum availability [38,64]. Wang et al. [38] reported an optimum
range for Ca/Al in which the chloride binding is maximized. Figure 2 shows the optimum
range for the Ca/Al ratio, which ranges from 3 to 7. In higher ratios calcium and in lower
ratios aluminum is excessive. The optimum Ca/Al ratio depends on parameters such as the
sulfate content in cement, the alumina and calcium in the inert component in the mineral
admixture, and the hydration degree of cementitious materials. They observed increasing
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chloride-binding capacity with partial replacement of cement with MK and FA in the pres-
ence of 7% limestone. However, in cases of high replacement levels of Portland cement with
Al-rich SCMs, such as MK, the chloride-binding capacity decreased because of insufficient
calcium ions for further reaction as these are utilized in the pozzolanic reaction and to some
extent by C3A dilution. They observed that specimens containing 10% MK and a blend
of 5% and 20% of MK and FA, respectively, had the most chloride binding. By increasing
MK and FA to 10% and 20%, respectively, the chloride-binding capacity decreased, but it
still had more bound chloride than the control specimen [38]. These findings regarding the
optimum range of Ca/Al for increasing the chloride-binding potential can be beneficial for
designing LC3 formulations with superior durability against chloride-induced corrosion
of steel reinforcement [38]. However, more research is needed to ascertain optimal clay
supplementation proportions. For example, Gbozee et al. [64] indicated that pastes with
10% MK are more capable of chemical chloride binding than pastes with 20% and 30%,
which is attributed to the decrease in sulfate and calcium ions due to the dilution effect and
pozzolanic reaction. However, Dousti et al. [41] observed that specimens containing 33.33%
MK had greater chloride-binding capacity than the specimens with 50% and 66.66% MK.
These chloride-binding capacity results related to OPC-MK-lime paste formulations where
an increased Ca/Al ratio decreased the chemical chloride-binding potential significantly.
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As mentioned previously, the majority of the total bound chloride is comprised of
chemical bound chloride, especially for exposures to conventional chloride concentration.
It was seen that in MK-lime pastes with a MK: lime ratio of 1:1, 60–65% of the total chloride
was bounded chemically [68]. This is in line with research on the chloride binding of LC3s
which contain 20–30% clay replacements [50,53]. However, a reliable method for measuring
the amount of chemically bound chloride and its proportion to total bound chloride has
not been proposed because of its complexity, especially in blended cements [50]. Figure 3
shows that MK positively affects chemically bound chloride but does not significantly
increase the physically bound chloride due to the aforementioned competing factors [50].
Gue et al. [31] concluded that unlike SF, which reduces the total bound chloride, using 16%
MK increases the total bound chloride mainly by increasing the chemically bound chloride—a
two-fold increase in the chemically bound chloride when compared to non-supplemented
Portland cement.
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rium binding in NaCl solutions. (a) 1 mol/L NaCl solution; (b) 3 mol/L NaCl solution (PC: Portland
cement paste; 4SF: paste containing 4% of SF; 16SF: paste containing 16% of SF; 4MK: paste containing
4% of MK; 16MK: paste containing 16% of MK). Adapted with permission from Ref. [31].
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The Effect of MK on Hydrated Cement Products before and after Exposure to NaCl

Prior to exposure to NaCl solutions, ettringite, AFm phases, and strätlingite are usually
observed in Portland cement–MK blends [31,50,70,71]. The amount of ettringite and calcite
in specimens containing MK has been proved to be less than OPC, as shown in SEM images
and X-ray diffraction (XRD) [31,50,64,72]. Moreover, the formation of monocarboaluminate
has been reported to remain unchanged [64] or increase [31] in OPC-MK materials, when
compared with non-supplemented OPC materials.

Following exposure of MK containing pastes to a NaCl solution, the amount of mono-
sulfoaluminate decreases to form Friedel’s salt. In fact, each gram of monosulfoaluminate
forms around 0.9 g of Friedel’s salt [64]. More specifically, the chloride ions take the place
of sulfate ions in monosulfoaluminate to form Kuzel’s salt and, consequently, Friedel’s
salt [68]. However, the released sulfate ions can cause delayed ettringite formation, which
can be a reason for the degradation of structures in the marine environment [38,51,68,73–75]
and may also lead to further monosulfoaluminate formation in the presence of MK [64].

In comparison with monosulfoaluminate, monocarboaluminate contributes less to
the chemical binding of chloride ions. Monocarboaluminate contributes to the chemical
binding of chloride ions by exchanging CO3

2− with chloride ions; then the released CO3
2−

is bound in calcite [41,64,71,75,76]. Therefore, the contribution of monocarboaluminate to
chloride binding and Friedel’s salt formation depends on calcium availability [50,71,77],
and no or very low calcium carbonate precipitation is predicted [50]. It is noteworthy that,
due to pozzolanic reaction and consequent reduction of CaOH2 and calcium availability,
the contribution of monocarboaluminate to chloride binding in MK-containing pastes de-
creases [64]; therefore, monocarboaluminate is understood to be more thermodynamically
stable than monosulfoaluminate [76]. The mentioned effect of calcium on chloride binding
has also been confirmed in other studies [38,69,78].

Strätlingite does not change significantly with exposure to NaCl [64,68], but Zibara et al. [71]
concluded that in high chloride concentrations, Strätlingite converts to Friedel’s salt at a
slow rate, and this conversion is mostly limited by calcium availability [50]. Dousti et al. [41]
also indicated that Strätlingite decreases in higher chloride concentrations, which was ob-
served better in specimens with a MK: lime ratio of 1:2 than in the ones with a 2:1 ratio.
When exposed to NaCl solution, the amount of ettringite increases [64,75], which shows
that it does not contribute to chloride binding [64,79]. However, it may slightly reduce the
chloride-binding capacity by reducing monosulfoaluminate availability due to delayed
ettringite formation [64], as previously discussed.

4. Binding Isotherms

As previously laid out, the measurement of chlorides using cementitious materials is a
complex mechanism. A common method to test the chloride binding of cementitious mate-
rials is by determining their binding isotherms which describe the relationship between free
and binding chlorides. To investigate their accuracy, other parameters like temperature and
OH− leakage should be taken into consideration. Four main types of binding isotherms
have been proposed, namely, linear, Langmuir, Freundlich, and Brunauer, Emmett, and
Teller (BET) binding isotherm [44]; however, none of these can accurately and compre-
hensively capture the binding of chloride anions by multi-phasic materials, such as OPC
materials (See Table 2).
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Table 2. Isotherm relations (k, α, and β are binding constants).

Isotherm Relation

Linear binding isotherm Cb = kC f

Langmuir isotherm Cb =
αC f

(1+βC f )
Freundlich binding isotherm Cb = αCβ

f

Brunauer, Emmett, Teller (BET) isotherm Cb
Cbm

=
α c

cs

[
1−(1−β)(1−β c

cs )
2
]

β(1−β c
cs )(1−β c

cs
+α c

cs (1−β c
cs
+ c

cs )

In general, recent findings have confirmed the acceptable accuracy of Langmuir and
Freundlich isotherms to represent the chloride binding of OPC-MK materials [38,80–83].
The linear isotherm is oversimplified to indicate the relation between free and bind chlo-
ride in real cases [38,44,84] and has more accuracy in chloride concentrations below
20 kg/m3 and over long-term periods (10–30 years) [84]. The Langmuir isotherm has
an acceptable accuracy in low chloride concentrations, and the BET isotherm is rarely used
due to its complexity. The Freundlich isotherm seems the most approximate in normal
seawater [44]. It has been reported that choosing a binding isotherm critically affects service
life prediction [85]. As can be observed in Figure 4, Dousti and Shekarchi [86] described
the non-linear behavior of both the Langmuir and Freundlich isotherms as matching exper-
imental data on experimental bound and free chloride concentrations with a coefficient of
discrimination (R2) of 0.95 and 0.99, respectively. These results were extrapolated for other
concrete materials of varying formulations and it was found that the Freundlich isotherm
provides a better fit than other isotherms (see Figure 5). Importantly for these results,
the variables of the Freundlich isotherm (α and β) were demonstrated to be a function
of temperature as well as cementing material type. Note that α and β have no physical
meaning and also depend on the units of Cb and Cf [44].
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5. Other Effective Parameters for Chloride Binding
5.1. Effect of Hydrotalcite

While not present in MK-OPC materials, hydrotalcite is an important LDH phase that
forms with Mg-containing precursors, such as GGBS [87,88]. The presence of LDHs, such
as hydrotalcite, increases the chloride binding of the cementitious materials in general.
Machner et al. [89] studied the effect of hydrotalcite on the chloride-binding capacity of
pastes containing Portland cement, limestone, MK, and Mg-containing dolomite. They
observed that specimens containing MK with limestone or dolomite have greater chloride-
binding capacity, which can be partly ascribed to the hydrotalcite formation in the dolomite
reaction and its positive effect on chloride binding. According to this study and previous
studies [90–92], Al-rich SCMs like MK decrease the magnesium to alumina (Mg/Al) ratio
of hydrotalcite, which decreases its chloride-binding capacity. However, this finding is in
contradiction to a previous study [93].

5.2. Effect of Gypsum and Sulfate Ion

The gypsum that is present in Portland cement may affect chloride binding as it does on
MK hydration products. Sufficient gypsum (more than 8%) favors the ettringite production
from the reaction of sulfate with C3A and inhibits stratlingite and C4AH13 formation [94,95].
Moreover, investigating the effect of gypsum on chloride-binding capacity is important in
designing Al-rich SCMs according to increased chloride resistance [68]. It has been shown
that using 4% of gypsum in MK-lime paste supports the formation of monosulfoaluminate
and reduces stratlingite and monocarboaluminate peaks; at 8% of gypsum, the amount of
ettringite significantly increases, and monosulfoaluminate seems to be restrained, which
means that monosulfoaluminate can transform to ettringite by adding gypsum [68]. As
shown in Figure 6, Wand et al. [68] indicated that by using 4% and 8% of gypsum in MK-
lime pastes, chloride binding was reduced by 9% and 10.5%, respectively, after equilibrium
time (3 h) [68]. This reduction is attributed to the competition between SO4

2− and Cl− to
form AFm phases and to physically be adsorbed by the CSH phase beside the dilution of
MK [44,53,96,97]. The negative effect of gypsum on the chloride-binding capability has
been shown in other studies [96,98].

5.3. Effect of Carbonation

Carbonation has also been suggested to reduce binding-chloride capacity [44,99,100]. This is be-
cause carbonation reduces pH and consequently increases Friedel’s salt solubility [44,67,77,101,102].
Carbonation also increases the negative potential of CSH, leading to less adsorbed chlorides [103].
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Furthermore, due to the increase of the carbonate content, chloride and carbonate compete
to form AFm phases [100]. Therefore, it has been concluded that chemical chloride binding
is reversible if carbonation happens [44,104]. By progressing carbonation and lowering
pH less than a certain amount of about 10.5 to 10.7, and removing Ca2+, the solubility of
ettringite increases and may decompose to gypsum and aluminate sulfate [67,105,106], but
the stratlingite still remains stable [68]. Figure 7 illustrates the effect of the carbonation
progress on the pH and chloride binding of MK-lime paste specimens with 0%, 4%, and
8% of MK. However, carbonation may also have a beneficial effect on chloride binding
by consuming hydroxyl and, as a result, reducing the completion between hydroxyls and
chlorides [68]. This presents a critical gap in knowledge as it relates to the long-term
carbonation effects on the chloride binding of OPC–clay blended materials and LC3s.
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5.4. Chloride Concentration

The higher chloride concentration of external and pore solutions increases chloride
binding and then reaches a plateau [31,38,41,44,50,89]. Machner et al. [89] demonstrated
that OPC pastes containing MK and carbonate (dolomite and limestone) reach a plateau in
higher chloride concentration. Gue et al. [31] concluded that external chloride concentration
influences the physical chloride binding more significantly. Dousti et al. [41] indicated that
the amount of bound chloride increases at a steep slope in exposure to 0.1–1.0 M of chloride
concentration; then, at higher chloride concentrations, chloride binding increases just at a
slow slope.

5.5. Compound Composition of Portland Cement

The Al-composition of Portland cement (C3A and Tetracalcium Aluminoferrite (C4AF))
plays the most critical role in the chemical binding of chlorides between clinker compounds,
particularly C3A compounds that have three times more binding capacity and a greater
reaction rate than C4AF [44,107] and its reaction rate [37]. Furthermore, it has been shown
that the amount of CSH influences chloride binding, especially physical binding [81];
therefore, Tricalcium Silicate (C3S) and Dicalcium Silicate (C2S) in cement also affect the
binding capacity indirectly by forming CSH, but on a smaller scale than C3A and C4AF [44].

5.6. Hydroxyl Ion (OH−) Concentration and pH

A lower pH increases the bound-chloride capacity [69,108,109] due to less competition
between hydroxyl and chloride ions to be adsorbed in the surface of layers and also
decreasing solubility of Friedel’s salt [44,50,53]. The reduction of pH also leads to the
limited dissolution of portlandite [69,89]. It is worth noting that a lower pH is expected
for pastes containing different SCMs such as MK and MK-lime pastes and ones exposed to
higher salt-solution concentrations [89,110,111].

The pH of the external solution also influences the chloride-binding capacity as well as
the concentration of the OH− ions in the pore solution. According to De Weerdt et al. [109],
regardless of the type of salt, there is a linear relation between the pH of the external
solution and chloride-binding capacity. Shi et al. [112] observed that the pH of the exposure
solution could also govern the effect of different cations on the binding of chloride (see
Figure 8) [50]. However, a significant reduction of pH is observed in Portland cement, MK,
and MK-lime pastes exposed to CaCl2 [50,69,89,113], which may be caused by calcium
binding with CSH and release of H+ (see Figure 9) [50,89]. This reduction leads to increased
chloride binding, which in OPC is generally physical, and in MK and MK-lime containing
pastes is primarily chemical [50]. Furthermore, exposure to NaCl and subsequent OH−

release due to the formation of Friedel’s salt, calcium carbonate, and sodium hydroxide has
a slight incremental effect on pH, which has a minor effect on chloride binding [50].
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5.7. Cation

The cation of chloride salt (e.g., Ca2+, Mg2+) has been shown to make a noticeable
difference in chloride binding [57]. Neat OPC paste, MK-supplemented materials, and
LC3 materials exposed to CaCl2 and MgCl2 were found to have more bound chloride
ions than when exposed to the same concentration of chloride in NaCl solutions (see
Figure 10) [42,57,69,108,109,114]. This elucidates a potential cation type effect on the
chloride adsorption where an increasing positive charge of the surface of C(A)SH and
a higher calcium concentration [44,50,57,89] as well as an increase in AFm formed is
apparent [57]. Moreover, Machner et al. [89] also observed five to ten times higher chloride
binding and more bound chlorides to C(A)SH in specimens exposed to CaCl2 than to NaCl.
Babaahmadi et al. [57] reported around two times more bound chloride in paste specimens
containing 15% of MK in exposure to CaCl2 compared to NaCl. Shi et al. [50] reported
that in exposure to CaCl2, there is a linear correlation between the bound calcium content
(uptake of calcium by hydration products) and bound chloride content with a Cl:Ca ratio
of approximately 2:1 for tested cement blends (see Figure 11) [50]. They also reported
calcium carbonation precipitation due to Friedel’s salt formation from the transformation
of monocarboaluminate.

5.8. Temperature

In most studies, high temperature has been shown to increase the rate of chloride
ingression in concrete [41,115,116] and to reduce the chloride-binding capacity [44]. For
instance, the chloride corrosion rate in the Persian Gulf is about eight times higher than in
the Nordic area due to the higher average temperature [117]. High temperature increases
the ionic vibration of chloride ions which leads to the higher likelihood of release from
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physical absorption [116,118]. Alternatively, in the case of chemically bound chloride,
high temperature can have both positive and negative effects. High temperatures can
reduce bound chlorides by increasing the solubility of binding products, such as Friedel’s
salt. In contrast, the chemical binding rate may also be accelerated due to temperature
increases [41,44,118]. Hence, this remains an important parameter to control in experimental
programs of chloride binding. Zibara [113] concluded that at low chloride concentrations
(0.1–1.0 M), the higher temperature reduces the bound chloride and increases the bound
chloride in high concentrations (3 M). Dousti and Shekarchi [86] and Dousti et al. [41]
showed that in OPC specimens and pastes containing MK, SF, and NZ in a range of 0.1 to
3.0 M of NaCl solution, chloride binding decreased by increasing temperature, except for
22 ◦C, which had the greatest chloride binding (see Figures 12 and 13). This result was in
accordance with the XRD result and Friedel’s salt amount. Machner et al. [89] also reported
that chloride binding in Portland cement specimens containing limestone and MK is lower
in curing temperature of 60 ◦C than 38 ◦C [89]. Table 3 also indicates the effect of increasing
temperature on chloride-binding content from some older research.
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with permission from Ref. [86].

Table 3. Some studies concerning the effect of temperature on chloride binding.

Reference Range of Temperature Effect of Increasing Temperature

Wowra and Setzer [119] 0–40 ◦C Increase in bound chloride content (due to
faster reaction rates at higher temperature)

Hussain and Rasheeduzzafar [120] 20–70 ◦C Increased free chloride
CK Larsen 1998 [121] and CK Larsen

[122] 20–80 ◦C Increase of the chloride concentration of the
pore solution

TS Nguyen et al. [123] 5–35 ◦C (Cl concentration: 0–20 g/L) No effect
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5.9. Time and Electrical Field of Accelerated Tests

Accelerated testing for chloride ingress relies on high-voltage electrical fields that increase
the rate of transportation of ions through the porous structure of cementitious materials. While
different than MK-OPC materials, recent research has demonstrated that the utilization of
ND 492 tests (15–30 V), which rely on variable and lower voltages than ASTM C1202 (60 V),
yields accurate results for alkali-activated materials and LC3 [124,125]. These results indicate
the critical importance of the electric field voltage for comprehensively understanding the
transportation of chlorides ions which can be affected by binding phases.

Recent research on MK-OPC materials has demonstrated that chloride binding in
these materials is a time-dependent mechanism that does not occur at the early stages of
exposure, but rather at yearly scales. Hence, accelerated tests relying on applied voltage
to accelerate the rate of transport of chlorides through the material are dissimilar from
the natural chloride ingress mechanism. In most cases, such as in the use of ASTM
C1202, the effect of the applied electrical field (60 V) on chloride binding is neglected,
and there is a critical scientific need to produce a reliable understanding of the electrical
field voltage’s effect on the chloride transport. Further comprehensive understanding that
can account for phases and pore solution chemistries may yield improved accelerated
testing of chloride transport. Castellote et al. [126] found that the chloride-binding capacity
in accelerated tests is less by 0.14% than the natural experiment in the non-steady-state
migration test. These results point to the importance of high electrical fields (high voltage)
on the measured chlorides bound from these tests. Ollivier et al. [127] found no difference
in the binding capacity in migration tests under 2–30 V—much lower voltages than those
specified by ASTM C1202. Furthermore, because of the short duration of accelerated tests,
chloride binding is reduced [77]. Consequently, many researchers have relied on non-
accelerated tests for chloride ingression that can take into account chloride binding, such
as R.M. Ferreira et al. [39]. Therefore, although accelerated tests have certain advantages for
evaluating the chloride permeability of concrete and mortar specimens, the potential effect of
the applied electrical field on chloride binding is an important and active field of study.

6. Conclusions

One of the critical parameters influencing the chloride-induced corrosion requiring
further study are chloride-binding mechanisms. Chloride binding is influenced by several
factors, one of which is using different SCMs in concrete. One of the SCMs that generally
improves chloride binding is MK, mainly due to its high Al content. Considering the recent
publication regarding the effect of the MK consumption on the chloride-binding capacity
of concrete and other influencing parameters on it, the following conclusion can be made:

1. Chloride binding in specimens containing MK is mostly attributed to chemical chlo-
ride binding and Friedel’s salt formation, and the proportion of physical chloride
binding is usually lower.

2. MK has both negative and positive effects on physical chloride binding. Using MK
reduces physical chloride binding by reducing the Ca/Si ratio of CSH, increasing the
chain length of CSH, and decreasing the specific surface area of CSH. However, MK
increases the physical chloride-binding capacity by increasing the Al/Si ratio of CSH.

3. In the case of the chemical composition of concrete, some studies support the notion
that using MK reduces the ettringite and calcite and increases the strätlingite and
monosulfoaluminate. However, monocarboaluminate content remains unchanged or
increases a bit.

4. In specimens containing MK, monosulfoaluminate (AFm) contributes majorly to
Friedel’s salt and ettringite formation with NaCl exposure. However, monocarboa-
luminate makes limited contribution to Friedel’s salt formation and chloride bind-
ing, and its contribution depends on calcium availability. Therefore, the calcium
consumption by the pozzolanic reaction of the MK may reduce the contribution of
monocarboaluminate to chloride binding. Strätlingite may also contribute to chloride
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binding in high chloride concentrations. However, ettringite does not seem to make a
significant and direct contribution to chloride binding.

5. Binding isotherms show the relation between free and binding chlorides. Among
binding isotherms, the linear and Langmuir isotherms have acceptable accuracy in
low chloride concentrations. However, the BET isotherm is not very popular due
to its complexity. Freundlich usually provides the greatest accuracy, especially in
conventional sea chloride concentration.

6. Using MK also affects other influential parameters for chloride binding, such as hydro-
talcite content and carbonation. Furthermore, some other parameters are influential
on chloride binding in the presence of MK, such as sulfate ions, pH, temperature, and
electrical fields.

7. MK usually increases carbonation depth, which negatively affects chloride binding.
Other parameters that negatively affect chloride binding are increasing temperature,
sulfate ions, applied electrical fields, and increasing pH.

8. By augmenting chloride concentration, chloride binding also increases; however, it
may reach a plateau and does not increase linearly. Furthermore, in exposure to CaCl2
and MgCl2, chloride binding increases, which may be due to improving adsorption
mechanism and increasing positive charge of the surface of CSH.
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