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Abstract: Calcium sulfoaluminate cement (CSA) is a type of low-CO2 binder which has been widely
applied in the production of concrete. To investigate the protection capability offered by CSA to keep
steel from corrosion, the pore solution chemistry of CSA on steel passivation was investigated in this
study. The pore solution of CSA pastes, extracted by an ex situ leaching method, was studied and
compared with ordinary Portland cement (OPC). The results show that the alkalinity of the CSA pore
solution is not only much lower than that of OPC, but also that a new type of ion, Al(OH)4

−, and high
concentration of SO4

2− were detected in the liquid phase of CSA. Based on pore solution chemistry
analysis, a simulated pore solution (SPS) system was designed to assess the comprehensive impact of
alkalinity and ion composition, featured as properties of CSA, on steel passivation. The results of the
corrosion potential evolution highlight the importance of alkalinity in passivation. SO4

2− can cause
depassivation when there is not enough hydroxyl, but Al(OH)4

− is able to maintain the alkalinity of
the system, enhancing the stability of the passive film.
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1. Introduction

Calcium sulfoaluminate cement (CSA) is an environmentally friendly material providing rapid
hardening and excellent mechanical performance. In recent years, it has been increasingly applied as
an alternative binder for concrete production. Compared with Portland cement (PC), CSA generates
different hydration products, which may give rise to the issues related to the durability of reinforced
concrete structures.

Steel corrosion is a crucial factor in concrete durability. Generally, the high alkalinity of PC-based
concrete can protect steel from corrosion by forming a stable passive film. The application of new
cement, however, changes the internal environment of concrete, which may influence the properties of
the passive film [1,2]. Currently, only a few experiments on steel passivation have been conducted
in relation to CSA; therefore, the condition of steel embedded in CSA-based materials is not yet fully
understood [3–6]. As an important part of the concrete internal environment, pore solution plays a
significant role in preventing or accelerating steel corrosion. According to experiments by Poursaee [5]
and Ghods [7], the time it takes to form a stable passive film decreases in solutions with higher pH
values. Furthermore, if the solution alkalinity drops under 11.5 [8], the rebar is not passivate. The
influence of ion composition has also been observed in previous works. Alhozaimy [9] reported that,
with the addition of Ca(OH)2 in a solution of 0.1 M NaOH and 0.175 M KOH, the constitution of
passive film changed, and the charge transfer resistance also increased noticeably. Additionally, SO4

2−

may also affect the condition of the steel bar, as indicated by Abd El Hallem and Premlall [10,11], who
claimed that SO4

2− can cause more severe corrosion than Cl−. However, this conclusion was not
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supported by some other researchers [12–14]. Some other ions such as cation types, carbonate and
sulfur species have also been investigated, and the results indicated the importance of ion composition
in steel passivation [2,13–15].

However, current studies on the effects of pore solution chemistry on passivation are concentrated
on PC. Considering the different hydration mechanism of CSA [16–19], there is a lack of knowledge
about the passivation behavior in this special environment. The pore solution of PC-based materials,
with a pH value fluctuating around 13.5, comprises Na+, K+ as well as a small amount of SO4

2− and
Ca2+ [20–22]. Nevertheless, the pH value of the CSA pore solution varies from 12.5–12.9 [17,22,23],
and in some cases, values under 11.3 have also been recorded, i.e., much lower than that of PC.
Andac [23] has confirmed that Na, K, Al, S were the four principle elements in the liquid phase
of CSA-based material. It should be noted that Al and S are nearly undetectable in OPC concrete.
Winnefeld [17] speculated that S was SO4

2− from gypsum contained in the cement clinker, but currently
no experimental evidence supports this point. As for element Al, few studies have been conducted
to discover the ions it represents and its function on passivation. From the review of past research
work, it may be concluded that the pore solution of CSA, compared with that of OPC, features a lower
pH and a completely different chemical composition. It is necessary to discover the mechanism of
how the chemistry of the CSA pore solution affects passivation, the results of which can offer a better
understanding to the steel passivation in CSA-based materials and support the service life prediction
of structure constructed with CSA.

This work firstly aims to investigate the alkalinity and ion composition of CSA pore solution,
establishing the basis of preparing simulated pore solution of CSA. Secondly, the impact of pore
solution chemistry on passivation was studied by monitoring the corrosion potential evolution of steel
electrodes in SPSs covering various combinations of alkalinity and ion composition. The mechanism
by which CSA pore solution influences passivation is then discussed.

2. Materials and Methods

2.1. Materials and Sample Preparation

The present study was performed using OPC and CSA with chemical compositions, as shown in
Table 1. The commercial CSA cement was produced by Lu Cheng Cement Co., Ltd. (Shandong, China).
OPC designated P.O. 42.5 following Chinese standard GB175-2007 was treated as the reference material.
Steel samples for corrosion tests were cut from a ribbed steel bar designated HRB 400 following the
GB/T 1499.2-2018 standard. The chemical composition determined by energy-dispersive X-ray (EDX)
is C 0.23, Si 0.53, Mn 1.49, P 0.02 and S 0.03 balanced with Fe (in wt%).

Table 1. Chemical composition of cementitious materials (wt%).

Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Loss

CSA 9.90 20.50 2.62 43.77 3.00 13.36 0.54 0.19 5.98
OPC 22.30 4.62 2.44 58.42 1.92 2.20 0.35 0.28 3.62

2.2. Pore Solution Analysis

2.2.1. Extraction of Pore Solution

Pore water expression (PWE), described by Barneyback [24] in detail, is the most commonly
employed method to acquire the pore solution. However, the disadvantage of this technique is that a
special instrument is required to acquire the pore solution, and PWE is not suitable to older or dense
samples with a low water-to-binder ratio (w/b) due to the low amount of free water available. An
alternative way to analyze the pore solution is the ex situ leaching (ESL) method. Pavlík [25] and
Li [26] applied this method to study the chemical composition of pore solution. They considered
that ESL can provide valuable information about the hydroxide and other ions. Plusquellec [22] also
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recommend ESL as an effective way of studying pore solution chemistry after comparing the main
techniques used for extracting pore solution.

ESL was chosen in this study. The leaching process followed the instruction described in
Plusquellec’s work [22]. A series of 4 × 4 × 16 cm prismatic cement pastes were cast with w/b
equal to 0.5. The CSA and OPC specimens were demolded after 3 and 24 h respectively. Then, they
were sealed in plastic bags, and kept in the curing room (T = 20 ◦C, RH ≥ 95%) until the testing
dates. Before extraction, the prismatic samples were broken up and ground with a mortar into a fine
powder. The powder was then dried in an oven at 60 ◦C. The drying temperature is the result of
a compromise between the time needed for drying and the risk of ettringite decomposition at high
temperature [17,27,28]. Then, after passing the powder through an 80 µm sieve, it was mixed with
deionized water at a mass ratio of 1:1. After stirring for 5 min, the solution was processed using a
centrifuge machine to acquire the leaching solution. In order to determine the pore solution at early
stage, the liquid phase of fresh pastes was achieved directly by centrifuging the slurry after mixing
5 min.

2.2.2. Chemistry Analysis of Leaching Solution

The analysis of the leaching solution included two parts: pH measurement and ion composition
tests. The pH of the leaching solution was directly measured by a pH meter. Before performing the
measurement, the apparatus was calibrated by standard buffer solutions. For the ion composition test,
5 mL leaching solution firstly was diluted to 25 mL using HNO3 (6.5%) to prevent the precipitation of
metal ions, after which 10 mL diluted solution was analyzed by ion chromatography (IC; AQUION) to
determine the total concentrations of the main ions. It should be noted that it is difficult to detect the
original ions containing aluminum directly, and all these ions have been transformed to Al3+ in the
process of dilution by HNO3 solution. Since Al3+ was not suitable for testing by IC, another 10 mL
diluted solution was taken to measure the concentration of the ions containing aluminum, using
inductively coupled plasma mass spectrometry (ICP-MS; NexION 300XX) to detect the concentration
of the element of aluminum.

It was hypothesized that the ion containing aluminum was Al(OH)4
−, because aluminum mainly

exists in the form of Al(OH)4
− at high pHs. To prove this deduction, the leaching solution was also

investigated using Raman spectra with a LabRAM HR evolution spectrometer equipped with a laser
supplying 532 nm excitation. A contrastive solution containing 0.1 M NaOH and 0.15 M NaAlO2 was
also prepared for Raman spectra. All solutions were stored in 10 mm path-length fused quartz cells.
The sample focused through a 50× microscope was studied with a holographic grating of 1800 g/mm
and a confocal slit hole fixed at 200 µm. The acquisition time was 30 s and the exposure time was 1 min
with triple accumulations.

2.2.3. Chemistry of Pore Solution

It is obvious that the addition of extra water in ESL dilutes the solution obtained, resulting in
an underestimation of the ion concentration. To obtain the composition of the pore solution from the
results of ESL, a calculation process was conduct by considering the free water content in a paste sample
and the water added during leaching [22,25]. The calculation method comprised the following steps.

(1) Measurement of free water content

When the prismatic paste was broken up for the leaching test, one part of the prism was taken for
the measurement of free water content. The weight of the sample was recorded as W1, and then it was
dried in an oven at 60 ◦C. The weight after drying was recorded as W2, so the free water content Wb is
equal to (W1 −W2)/W1 × 100%.

(2) Conversion from leaching solution to pore solution
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The conversion is based on the assumption that in one part of cement, the sum of the soluble ions
in leaching solution and pore solution is identical, namely

Cp ×Vp = CL ×VL (1)

where Cp and Vp stand for the ion concentration and volume of pore solution respectively; CL and
VL stand for the ion concentration and volume of leaching solution respectively. Considering the
free water content, the calculation formula for the ion concentration of pore solution finally can be
written as

Cp = CL ×
(1−Wb)

Wb
(2)

(3) Data correction by PHREEQC

Basically, the data conversion from leaching solution to pore solution is a process of concentration,
in which precipitation may occur due to ion saturation or compatibility. A geochemical software
PHREEQC (Version 3.4.0.12927, database wateq4f) was introduced to simulate the equilibrium reaction
after conversion. The model was built by using three modules: SOLUTION, REACTION and
EQUILIBRIUM PHASES. Firstly, the initial condition, including the pH and the concentration of
every component measured in leaching solution, was set in the module of SOLUTION. Secondly,
conversion was accomplished in the module of REACTION by removing water from the chemical
system. Water can be specified as an irreversible reactant with a relative stoichiometry of “−1”. The
reaction amounts can be determined based on the difference of Na+ between Cp and CL. Finally,
EQUILIBRIUM PHASES was applied to reach the equilibrium state of the chemical system after
removing water. For OPC system, Ca(OH)2 was considered as the equilibrium phase, while in CSA
system, Al(OH)3, CaSO4 and Ca(OH)2 were considered. The saturation index (SI) was set as “0”, which
means the solution was saturated (in equilibrium).

2.2.4. Characterization of Hydration Products

The dried powder samples same as what used in leaching test were measured by X-ray diffraction
(XRD) to study the hydration products. XRD analyses were performed by a Panalytical Empyrean
200895 diffractometer with CuKα12 radiation generated at 40 kV and 40 mA. The step size was 0.02◦ in
the range of 10◦ to 60◦ 2θ.

2.3. Corrosion Potential in Simulated Pore Solutions

Based on the solution analysis, a series of SPSs was designed in consideration of the coupling
effects of three variables: alkalinity, sulfate and aluminate concentration. The constitution of each
solution is shown in Table 2. All the solutions were prepared using deionized water and analytical
grade reagents. The effects of the pore solution on steel passivation were studied by monitoring the
corrosion potential of steel in different SPSs. 10 × 10 × 2 mm steel plates working as electrodes were
cut from HRB 400 steel rods. A copper wire, protected by a Teflon tube, was soldered on the surface
of each plate. Then, every plate was mounted into epoxy resin such that one end of the plate was
open to the solution. The exposed area was 1 cm2, and the surface was polished by emery papers
of progressively increasing grit sizes, followed by a burnish with a 0.5 µm diamond polishing agent.
This gave the sample a mirror finish with no noticeable scratches. The plates were finally rinsed with
alcohol and deionized water, then stored in a desiccator after drying.

Corrosion potential monitoring was performed in a sealed glass container with a calomel reference
electrode. A volt meter was applied to measure the corrosion potential of the steel electrodes. After
finishing the tests, the steel electrodes were taken out and investigated by a magnifying glass, avoiding
mistakes caused by crevice corrosion.
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Table 2. Constitutions of simulated pore solutions.

Variables Composition Concentration of Compounds (mol/L)

NaOH Na2SO4 NaAlO2

Alkalinity x M NaOH 0.1, 0.01, 0.001 - -

Sulfate

0.1 M NaOH + x M Na2SO4
- 0.01, 0.02, 0.03,

0.04, 0.05
-

0.01 M NaOH + x M Na2SO4

0.001 M NaOH + x M Na2SO4

Aluminate

0.1 M NaOH + 0.05 M Na2SO4
+ x M NaAlO2

- - 0, 0.05, 0.1, 0.15, 0.2

0.01 M NaOH + 0.05 M
Na2SO4 + x M NaAlO2

- - 0, 0.005, 0.01,
0.015, 0.02

0.001 M NaOH + 0.05 M
Na2SO4 + x M NaAlO2

- - 0, 0.0005, 0.001,
0.0015, 0.002

3. Results and Discussion

3.1. Pore Solution Analysis

3.1.1. Pore Solution Chemistry

The ion concentrations detected in the leaching solution are shown in Table 3. The main ions in
OPC and CSA are similar, including Na+, K+, Ca2+, SO4

2−, and OH−. However, it should be noted
that a type of ion containing the element of aluminum was detected in CSA. The ion was identified as
Al(OH)4

−. Details on this ion will be discussed in Section 3.1.3. The ion concentration of these two
cements are totally different. The contents of alkalis are similar, but the concentration of OH− leached
from CSA was much lower than that of OPC, which leads to the low alkalinity in CSA. Both cements
had a high initial concentration of SO4

2−, but OPC showed a rapid depletion of sulfate. After one
day, the concentrations of SO4

2− were negligible. In the case of CSA, the amount of SO4
2− decreased

initially from 5 min to 1 d, then the content rose again. Finally, the value stayed at 8.09 mmol/L
at day 28. Al(OH)4

− plays a significant role in the CSA leaching solution, with the second highest
concentration. There is a potential relationship between Al(OH)4

− and the solution alkalinity. When
the concentration of Al(OH)4

− increased after 3 h, the concentration of hydroxide also significantly
higher. This kind of relationship was also found in previous research works [17,23].

Table 3. Leaching solution chemistry of OPC and CSA.

Sample
Method ESL (mmol/L)

Time (1) Na+ K+ Ca2+ Al(OH)4
− (2) SO4

2− OH−

CSA

5 min 55.7 106.4 29.9 18.0 38.8 0.5
3 h 23.7 48.9 2.4 30.5 4.3 5.5
6 h 20.1 36.9 1.9 32.1 3.9 5.6
1 d 26.1 37.8 0.7 33.1 3.2 6.0
3 d 26.1 35.6 bld (3) 32.6 5.9 6.3
7 d 23.9 35.4 0.5 28.7 7.5 5.5

28 d 22.4 36.3 0.4 25.8 8.1 6.5

OPC

5 min 24.1 108.5 58.9 - 46.2 39.8
1 d 18.3 35.1 6.4 - bld 56.4
3 d 18.4 33.8 7.4 - 1.7 57.5
7 d 24.0 42.6 7.1 - bld 61.3

28 d 28.9 48.5 6.2 - 0.4 71.9
(1) min stands for minute; h stands for hour; d stands for day. (2) Al(OH)4

− was detected through the element of
aluminum by ICP-MS; Na+, K+, Ca2+, and SO4

2− were measured by IC; OH− was measured using a pH meter.
(3) bld means below the limit of detection.
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The free water contents of the paste samples are listed in Table 4. After the rapid hardening of
CSA, the free water content consumed in the hydration process decreased quickly during the first day.
However, the rate of water depletion in OPC stayed relatively constant. According to Equation (2),
the results of the pore solution concentration are shown in Table 5 after amendment and verification
by PHREEQC.

Table 4. Free water content in bulk (wt%).

Material
Time

3 h 6 h 1 d 3 d 7 d 28 d

CSA 21.0 16.8 13.9 13.3 13.0 12.8
OPC - - 23.1 22.4 20.5 17.9

Table 5. Pore solution chemistry of OPC and CSA.

Sample
Method Calculation (mmol/L)

Time Na+ K+ Ca2+ Al(OH)4
− SO4

2− OH−

CSA

5 min 55.7 106.4 29.9 18.0 38.76 0.48
3 h 89.80 185.80 9.19 115.70 16.36 25.74
6 h 100.60 184.80 7.56 160.70 19.49 34.70
1 d 163.50 236.30 4.19 207.10 20.13 46.60
3 d 171.70 233.50 bld 214.50 38.20 51.83
7 d 161.50 239.50 3.58 193.80 50.92 46.11

28 d 154.50 250.60 2.62 178.10 55.79 55.34

OPC

5 min 24.09 108.49 58.93 - 46.16 39.81
1 d 61.00 117.30 1.90 - bld 202.40
3 d 77.00 117.50 1.90 - 5.80 215.40
7 d 93.12 165.70 1.30 - bld 279.50

28 d 135.80 221.00 0.8 - 1.80 451.30

Comparing the results of OPC and CSA, the most noteworthy point is the low alkalinity of
CSA. According to the pH value development plotted in Figure 1, the initial pH of CSA is quite low,
but it quickly increases to 12.41 after 3 h, and eventually climbs to 12.74. However, the hydroxyl
concentration corresponding to the highest pH is only about one eighth of that in OPC. With such a
low alkaline nature, CSA can hardly offer effective protection for steel against corrosion.
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As for other ion species, the differences between cation concentrations were not obvious, but the
results of the anions (Al(OH)4

− and SO4
2−) varied greatly. The most prominent feature of CSA is the

exclusive ion, Al(OH)4
−, which has never before been detected in any Portland cement based materials.

Its concentration can be higher than 0.15 M. For a new type of ion with such a high concentration, it is
necessary to study its effect on steel passivation. Secondly, the concentration of SO4

2− in CSA was
extremely high. At the beginning of hydration (5 min), the value was lower than that in OPC, but the
value kept stable at about 0.05 M. In contrast, SO4

2− was nearly negligible in OPC after a certain time.
A large number of studies have shown that SO4

2− can cause steel corrosion, but the mechanism of
corrosion is still under debate. The influence of solution chemistry on passivation will be discussed in
a following section.

3.1.2. Determination of Aluminate Ion

Al(OH)4
− was identified in a CSA pore solution for the first time. In this study, this ion was

not detected together with the concentration measurement due to the lack of effective techniques.
Alternatively, all the ions containing aluminum were converted to Al3+ in the dilution process and
its content was then tested by ICP-MS. To uncover the ion-containing aluminum, a simulation was
carried out in PHREEQC using the information from the ion concentration measurement, which found
that Al(OH)4

− was the main ion corresponding to aluminum. The species distributions produced by
PHREEQC are partly demonstrated in Table 6. Andac [23] also mentioned the existence of Al(OH)4

−,
but no evidence was provided.

Table 6. Species distribution of aluminum in CSA pore solution simulated by PHREEQC.

Age
Species Distribution (mmol/L)

Al Al(OH)4
− Al(OH)3 Al(OH)2+ Al3+

1 d 207.1 207.1 2.3 × 10−5 8.0 × 10−11 8.3 × 10−25

3 d 214.5 214.5 2.1 × 10−5 6.5 × 10−18 5.2 × 10−25

7 d 193.7 193.7 2.1 × 10−5 7.5 × 10−18 7.6 × 10−25

28 d 178.1 178.1 1.6 × 10−5 4.8 × 10−18 3.4 × 10−25

To verify the existence of Al(OH)4
−, Raman spectra was conducted for the leaching solution

(CSA-5min) and a standard solution consisting of 0.1 M NaOH and 0.15 M NaAlO2 were measured
to justify this deduction. The results of this are shown in Figure 2. The Raman spectra of alkaline
aluminate solution is well established with the main signals in the range of 500–700 cm−1 [29]. Thus, the
scanning range in this study was set as 500–750 cm−1. For the standard solution, Figure 2a illustrates
that it has a classic Raman spectrum showing only one significant band, centered at approximately
620 cm−1. This band is considered as the symmetric v1-AlO4 stretching of Al(OH)4

− when the
concentration of aluminate ion is lower than 0.5 M [30–32]. As for the leaching solution, since the
concentration is much lower, the signal intensity recedes and the noise becomes stronger. However, the
shape of the band, as the curve indicates, which also centered at approximately 620 cm−1, is distinct
in Figure 2b. No other prominent bands are found, which means that the ions containing aluminum
that exist in the CSA pore solution are mainly in the form of Al(OH)4

−, and their concentration can be
considered equal to that of Al3+.
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3.1.3. Comparison with PWE

The chemical composition of the pore solution was compared with the data from literature to
evaluate the validity of the method applied. To enhance the effectiveness of comparison, the pore
solution for published data should be extracted from pastes produced by cements with similar chemical
composition and w/b ratio. It is difficult to find cases in which the contents of all oxides are similar,
so the contents of Na2O and K2O are set as the index, because their contents are the result of cement
alkalinity, and the alkalis elements are the main components in the pore solution. The chemical
compositions of the pore solutions are summarized in Table 7. Despite the differences between the
figures of ESL and PWE from literature, the results acquired by ESL, allowing for the slightly different
composition in cement, are acceptable. Additionally, Vollpracht [33] has concluded the variation
range of sodium and potassium in pore solution as a function of alkali content. When Na2O (wt%) =
0.20–0.31%, the Na concentration is in the range of 120–180 mmol/L. When K2O (wt%) = 0.20–0.47%,
the K concentration is in the range of 180–340 mmol/L. It is clear that the concentrations of Na and
K in this work belong to these ranges. Thus, the ESL method employed in this study is capable of
providing valid data.

Table 7. Summary of chemical analysis of pore solutions (OPC).

Cement Composition
Concentration (mmol/L) (1)

Na+ K+ Ca2+ SO4
2− OH−

This study
28 days, w/b 0.5

Na2O% = 0.28% K2O% = 0.35%
135.8 221.0 0.8 1.8 451.3

Diamond [34]
28 days, w/b 0.5

Na2O% = 0.32% K2O% = 0.60%
- 320.0 - - 510.0

Scott [2]
28 days, w/b 0.58

Na2O% = 0.19% K2O% = 0.54%
89.4 216.6 1.0 - 320.0

(1) It is assumed that the concentration of an element is equal to the concentration of the corresponding ion, so all
the data can be recorded in ionic form.
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Table 8 lists chemical compositions of pore solutions for CSA. Since few experiments were
conducted to analyze the pore solution of CSA, the examples were chosen despite of different cement
types and w/b ratios. The differences between the ion concentrations obtained by ESL and the
published data are significant, as illustrated in Table 8. All the ions, other than hydroxide, are the result
of ESL show higher values. Based on the comparison of OPC systems in Table 7, the ESL should be a
reliable method to study the pore solution. The significant differences in Table 8 may be attributed
to the different cement type and w/b applied in every case. The hydration of CSA requires higher
amount of water than OPC [35]. When the w/b is low, e.g. 0.5, the cement cannot completely hydrate,
so there are more ions present in the pore solution.

Table 8. Summary of chemical analysis of pore solutions (CSA).

Cement Composition
Concentration (mmol/L)

Na+ K+ Ca2+ Al(OH)4
− SO4

2− OH−

This study
28 day, w/b 0.5

Na2O% = 0.19% K2O% = 0.54%
Al2O3% = 20.5% SO3% = 13.4%

154.5 250.6 2.6 178.1 55.8 55.3

Winnefeld [17]
28 day, w/b 0.72

Na2O% = 0.05% K2O% = 0.21%
Al2O3% = 35.5% SO3% = 16.8%

21.0 120.0 0.31 100 3.4 50.0

28 day, w/b 0.8
Na2O% = 0.13% K2O% = 0.40%
Al2O3% = 26.8% SO3% = 19.5%

34 82 0.23 26 9 70.0

Andac [23]
30 day, w/b 0.8

Na2O% = 0.095% K2O% = 0.295%
Al2O3% = 37.4% SO3% = 9.5%

14.5 52 0.41 14.7 0.71 66.1

3.2. Hydration Products

To better understand the pore solution chemistry, the hydration products of OPC and CSA were
also studied. Figure 3 illustrates the XRD patterns of hydration products at different times. In the
diagram of OPC, the peaks standing for Ca(OH)2 are distinct. The presence of portlandite releases
enough hydroxide into the pore solution and offers a buffering capacity to maintain the alkaline
environment in OPC. It is known that the CSA clinker contains a certain amount of C2S which can
hydrate to form Ca(OH)2. However, in the XRD patterns of CSA in Figure 3b, there are no signals
of portlandite. The main hydration product is ettringite with clear peaks even at 1 day, while the
other peaks stand for the substances from the clinker, namely unhydrated C4A3S (yeelimite), CaSO4

(Gypsum) and some CaCO3 (carbonate), same as the result of He [19]. The Ca(OH)2 generated by C2S
has been completely depleted in the reaction with abundant yeelimite following Equation (3). The lack
of Ca(OH)2 reasonably corresponds to the low alkalinity of CSA pore solution.

Another difference between these two cements is that the peaks of CaSO4 were identified in
all samples of CSA. This shows that there is redundant CaSO4 during the hydration process, which
supports the variation pattern of sulfate content discovered in pore solution chemistry analysis.
Evidently, the change in SO4

2− concentration is due to the combined effect of the depletion of SO4
2−

and the dissolution of CaSO4. According to the water content in Table 4, the hydration of CSA mainly
proceeds before the age of three days, during which more sulfate ions are needed as the reactants
than what can be dissolved from CaSO4. After that, the hydration is nearly finished, but CaSO4 can
still dissolve until the equilibrium is reached. Hence, the SO4

2− concentration of CSA pore solution
stays at a relatively low level at the very early stage, but the value eventually increases again to
reach a stable condition of about 50 mmol/L. The existence of CaSO4 also explains the reason for the
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monosulfoaluminate (AFm) absence. Theoretically, the main hydration products of CSA include both
AFt and AFm, as described in Equations (4) and (5). Nevertheless, AFm forms only until all CaSO4

is totally depleted. In this study, the clinker contained enough gypsum, so no AFm was detected in
the XRD patterns. Al(OH)3 is also an important hydration product of CSA. However, it cannot be
characterized by the peaks because it exists in the form of gel.

C4 A3S + 8CS + 6CH + 90H → C6 AS3H32 (portlandite depletion) (3)

C4 A3S + 2CS + 38H → C6 AS3H32 + 2AH3 (AFt formation) (4)

C4 A3S + 18H → C6 ASH12 + 2AH3 (AFm formation) (5)
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3.3. Factors Influencing Steel Passivation

3.3.1. Simulated Pore Solution System

Variation in the water-cement ratio, clinker constitution, hydration time, temperature or other
factors may cause the ion composition to change greatly. Thus, it would not be suitable to adopt
an SPS of a certain composition to simulate the pore solution of CSA. A SPS system covering the
chemical composition of most cases is required. Considering the values listed in Table 5, as well as the
information from literature review, the variation ranges of the main anions were set as follows: SO4

2−

(0–0.05 M), OH− (0.001–0.1 M), and Al(OH)4
− at (0–0.2 M). In this study, Al(OH)4

− was produced by
AlO2

−. Given that the hydrolysis of Al(OH)4
− will release OH−, the maximum dosage was limited to

control the increase of pH within 0.1. For convenience, both Na+ and K+ were represented by Na+.
Hence, the SPSs were prepared with NaOH, NaAlO2, and Na2SO4 following the compositions shown
in Table 2. All the solutions were measured using a pH meter to ensure that the pH deviations of the
solutions with the same NaOH concentration were kept within 0.1.

3.3.2. Effect of Alkalinity

Figure 4 displays the evolution of the open circuit potential (OCP) with three levels of alkalinity.
The curves related to 0.1 M and 0.01 M OH− are similar, starting from a value of about −150 mv and
stabilizing at−75 mv after three days, which is analogous to the result of Poursaee [5]. However, when
the hydroxyl concentration was reduced to 0.001 M, the corrosion potential only increased during the
first three days, then dropped rapidly. After six days, the potential was as low as −675 mv, indicating
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the depassivation of the steel electrode. The development of the corrosion potential reveals that the
hydroxyl concentration is significant to passivation. Being exposed to an environment of low alkalinity
increases vulnerability to depassivation.
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3.3.3. Effect of Sulfate Ion

Figure 5 shows the effect of SO4
2− on the corrosion potential under different levels of alkalinity.

It can be seen in Figure 5a that although the potentials of all samples stabilize within the range of
passivation after four days, the potentials decrease after the addition of Na2SO4. However, there is
no clear correlation between the extent of potential reduction and the SO4

2− concentration. When
the OH− concentration drops to 0.01 M, the samples will depassivate as long as the SPSs contain a
thimbleful of sulfate, and the time necessary for depassivation negtively correlates to the concentrations
of sulfate. Once NaOH reduces to 0.001 M, as shown in Figure 5c, all samples are not able to passivate,
despite of the SO4

2− concentration.
Several papers have been published on the effects of SO4

2−, but they neglect the influence of
hydroxyl concentrations [10–14]. From the evolution of the corrosion potential in Figure 5, it is evident
that the depassivation caused by SO4

2− is sensitive to alkalinity. When the concentration of hydroxyl
is lower than 0.01 M, the destruction of passive film will be obvious. The underlying mechanism is
probably related to the way that the sulfate ion damages passive film. Regarding the depassivation
triggered by chloride ions, an adsorption mechanism is applied, i.e., Cl− competes with OH− at the
steel surface, thereby gradually destroying the passive film [36]. The potential generally decreases with
the increase of chloride concentrations, while the sulfate ion plays a totally different role. It directly
participates in the passivation process to generate a film with a structure of inferior quality [10,37].
This theory agrees with the experimental results. The decline of the potentials displayed in Figure 5a
after adding sulfate implies that the tendency of depassivation increases, which means the stability
of the passive film weakens. However, since the alkalinity is high enough, passivation can still be
maintained, and the drop in potential is not affected by the increase of sulfate concentrations. When the
concentration of hydroxyl decreases, the unstable passive film can no longer be maintained. Therefore,
depassivation happens to all the steel samples in the manner of the potential development depicted in
in Figure 5b,c.
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Figure 5. Effect of SO4
2− concentrations on the OCP. (a) 0.1 M NaOH + x M Na2SO4; (b) 0.01 M NaOH

+ x M Na2SO4; (c) 0.001 M NaOH + x M Na2SO4.

3.3.4. Effect of Aluminate Ion

The effect of Al(OH)4
− on the corrosion potentials of steel samples in SPSs containing 0.05 M

Na2SO4 is shown in Figure 6. In Figure 6a, the high concentration of OH− can keep all samples
well passivated, so the association between Al(OH)4

− and passivation is not obvious. When the
concentration of hydroxyl reduced to 0.01 M, the potential developments change significantly. In
cases of SPSs containing NaAlO2 concentrations lower than 0.015 M, all the steel electrodes corrode,
while the other two samples mixed with higher amounts of aluminate are able to passivate, exhibiting
potentials higher than −140 mv. However, if the alkalinity further decreases to 0.001 M as shown in
Figure 6c, the potentials of all samples drop under −670 mv. By sorting the potentials according to
their values, an interesting point is noted that the tendency to corrode, expressed by potential values,
negatively correlates to the concentration of aluminate. Hence, it can be inferred that Al(OH)4

− is
beneficial to the passive film’s stability.

The protection provided by Al(OH)4
− is attributed to its ability to release hydroxyl. In the

corrosion process, localized acidification occurs in the active point because of the hydrolysis of metal
ion [38–40], as explained by Equation (6). If there is no immediate additional supplement of OH−

from the adjoining solution, this active point will not be repaired (repassivation) and corrosion occurs.
With the addition of NaAlO2, the resultant Al(OH)4

− can release OH− to buffer the acidification effect,
as shown in Equation (7). Furthermore, if the NaAlO2 concentration is sufficient, OH− is constantly
replenished, so the steel can always be passivated.

Fe2+ + 2H2O = Fe(OH)2 + 2H+ (6)

Al(OH)−4 � Al(OH)3 + OH− (7)
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3.4. Corrosion Behavior of Steel in CSA Based Materials

Currently, research concerned with the corrosion behavior of steel in CSA-based materials is
limited in scope. The passivation state of the steel is still in dispute. It has been reported that the steel
mesh in a concrete pipe exposed to seawater was uncorroded after 14 years in service. But the chemical
composition of the cement used, the mix design of the concrete and the pH of pore solution were
unknown [35]. Janotka [3] claimed that the passive film on steel in CSA mortar was not stable due
to the pore solution of low alkalinity. The pH value of CSA leaching solution was 11.32, lower than
the critical value (11.5) for passivation. This justification is not suitable. It can be easily understood
that the reported pH value only stands for the leachate, but not the pore solution of mortar. The true
pH value of the pore solution should be over 12, which would be able to passivate the steel. Hence,
the deterioration of passive film was probably caused by other reasons. According to the research
results in this work, the pore solution of CSA always contains a significant amount of sulfate ion, and
Figure 5 shows that sulfate ion is able to depassivate steel, even when pH is 12. So, in Janotka’s work,
not only the relatively low alkalinity, but also the sulfate ion present in pore solution were important
factors which contributed to depassivation. Cai [6] noticed that tiny corrosion on steel bars may occur,
but the development of corrosion can be controlled, because concrete will become more compactness
due to the hydration of CSA. Based on the development of the pore solution chemistry studied in
Section 3.1, the tiny corrosion at initial stage was probably caused by sulfate ion in the pore solution of
low alkalinity. This kind of corrosion behavior is consistent with the mechanism that how sulfate ion
affects passivation. On the other hand, the effect of Al(OH)4

− was not clear in the cases available, and
further studies are necessary to verify the function of Al(OH)4

− in CSA mortar or concrete.



Appl. Sci. 2019, 9, 1092 14 of 16

4. Conclusions

The chemistry of pore solutions is an important factor in influencing steel passivation in concrete.
The experiments included in this research reveal the differences between OPC and CSA with regards
to pore solution composition, based on which an SPS system was designed to study the effect of CSA
pore solution chemistry on steel passivation. The conclusions can be summarized as follows:

1. The cations in CSA and OPC are similar, both mainly containing Na+, K+, and little Ca2+.
However, the composition of anions varies greatly.

2. The concentration of OH− in the CSA pore solution is only 55.34 mmol/L at 28 days, while
the value of OPC is 451.3 mmol/L. The corrosion potential development in SPSs indicates that
alkalinity is the most significant factor for steel passivation. When the OH− is below 0.001 M, the
steel cannot passivate in any situations. Thus, the steel passive film formed in the environment of
CSA is less stable than that in OPC.

3. A high concentration of Al(OH)4
− was detected in CSA pore solution, and its effect on steel

passivation was studied. High content of Al(OH)4
− can release enough OH− to offer a buffering

capacity for the solution alkalinity, hence improving the stability of the passive film.
4. The sulfate ions in CSA can remain at a level of about 50 mmol/L, while their concentration

in the OPC was negligible after one day of hydration. According to its potential evolution, it
was concluded that SO4

2− is adverse to the stability of passive film, but the effect was only
obvious in the case of low alkalinity (C(OH) ≤ 0.01 M), and the negative impact can be reduced
with Al(OH)4

−.
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