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� Chloride immobilization can be improved by adding NA into cement.
� NA strengthens chemical binding by increasing the content of chloroaluminates.
� NA improves migration resistance by refining the pore structures.
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The utilization of marine resources in reinforced concrete is severely limited, due to the risk of steel cor-
rosion caused by the introduced chloride. In order to reduce this risk, nano-Al2O3 (NA) was added into
cement-based materials system by improving the chloride immobilization. The immobilized chloride
ratio (ICR) of the system was evaluated, and the results indicated that the addition of NA could signifi-
cantly enhance ICR. Based on the results from TG, XRD, 27Al NMR, MIP, 29Si NMR, and EDS, the mechanism
behind was discussed from three aspects of chemical binding, migration resistance, and physical adsorp-
tion. The reasons for the increased ICR were as follows: a) chemical binding was promoted by increasing
the amount of chloroaluminates; b) migration resistance was improved by refining the pore structure; c)
physical adsorption, depending on the amount and the Ca/Si ratio of C-S-H gel, was reduced negligibly.
These findings can provide guidance for the theoretical study of chloride immobilization and the appli-
cation of marine resources.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The utilization of marine resources, such as sea sand and coral
sand, has great potential in marine concrete engineering, especially
in reef construction in the distant sea. However, the direct use of
these resources has been banned in reinforced concrete, due to
the potential risk of steel bar corrosion induced by the diffused
chloride ions. In order to resist this risk, corrosion inhibitors are
usually used in concrete to produce a protective film on the surface
of rebar [1–3]. However, due to the existence of large amounts of
internal free chloride ions, the risk of pitting corrosion is not com-
pletely eliminated by inhibitors. In this case, the chloride immobi-
lization is considered to be another promising way [4,5].
The mechanism of chloride immobilization can be divided into
three aspects: chemical binding, physical adsorption, and migra-
tion resistance [6,7]. Chemical binding is related to the chloride
ions bound in Friedel’s salt (FS) or Kuzel’s salt (KS). Physical
adsorption mainly depends on chloride adsorption by electrical
double layers on the surface of calcium-silicate-hydrate (C-S-H)
gel [8,9]. Migration resistance is another physical way to hinder
the transport of chloride ion, by refining the pore structure to block
the channel [10].

The chloride immobilization capacity of cementitious materials
could be improved by using supplementary cementitious materials
(SCM), including fly ash, ground granulated blast furnace slag, and
metakaolin [11–15]. One explanation was confirmed that the
increase of the amount of chloroaluminates (i.e., FS and KS)
enhanced the chemical binding of chloride ion, which was facili-
tated by the pozzolanic reaction of SCM rich in aluminum [16–
18]. Nanoparticles, such as nano-TiO2 and nano-CaCO3, were also
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used to resist the penetration of chloride ions to extend durability
[19,20].

However, a seven-year-long observation have found that the
chloride immobilization of the cement-based materials decreased
with the extension of the curing age, resulting in high corrosion
risk [21]. Due to the fact that the chemical binding is a large part
of chloride ion immobilization [17], this result might be attribu-
ted to the reduction in chemical binding. And according to the
literatures, the stability of chloroaluminates is influenced by fac-
tors such as alkalinity, active aluminum content, and Al/Si ratio
of C-S-H gel. In cement-silica fume system, the pozzolanic reac-
tion of silica fume reduced the alkalinity value, resulting in poor
stability of chloroaluminates, explained by Eqs. (1) and (2)
[22,23]. Andrej Ipavec et al. reported that the presence of alkalis
hindered the formation of chloroaluminates at low chloride con-
centrations [24]. Thomas et al. found that the binding capacity of
fly ash was not related to the total alumina content, but to the
active aluminum content [25]. And studies revealed that part
of active aluminum could replace Si in C-S-H gel to form C-A-
S-H gel, which decreased the effective aluminum content for
keeping the stability of chloroaluminates [26]. Based on these
researches, a hypothesis is proposed that continuous and slow
supply of active aluminum phase in the system could improve
the stability of chloroaluminates and even increase the amount
of these salts.

Ca2Al OHð Þ6 � 2H2O
� �

2 � Cl2 � 4H2O � 4Ca2þ þ 2Al OHð Þ�4
þ 4OH� þ 2Cl� þ 8H2O ð1Þ
Ca2Al OHð Þ6 � 2H2O
� �

2 � SO4ð Þ0:5 � Cl � 6H2O � 4Ca2þ

þ 2Al OHð Þ�4 þ 4OH� þ Cl� þ 0:5SO2�
4 þ 10H2O ð2Þ

The nano-Al2O3 (NA) has moderate reaction activity during the
cement hydration. In the early stage, it mainly exerted filling
effect; and with time going on, the aluminum phase of NA could
be slowly and continuously released by the pozzolanic reaction
[27–30]. In this case, two advantages of NA are expected in chlo-
ride immobilization: a) compared with the traditional SCM, NA
as a nano-scale material can effectively refine the pore structure
to resist the transportation of chloride ion; b) in comparison with
other nano-materials, NA rich in aluminum is beneficial to the for-
mation of chloroaluminates.

In this paper, effects of nano-Al2O3 on the chloride immobi-
lization were investigated from three aspects: chemical binding,
migration resistance, and physical adsorption. The chemical
binding dependent on contents of FS and KS was evaluated
based on thermo-gravimetric analysis (TGA), X-ray diffraction
(XRD), and 27Al nuclear magnetic resonance (27Al NMR). The
migration resistance related to the pore structure was character-
ized by mercury intrusion porosity (MIP). The physical adsorp-
tion was analyzed in two aspects: the amount of C-S-H gel
evaluated by 29Si nuclear magnetic resonance (29Si NMR), and
the Ca/Si ratio of C-S-H gel verified by Energy Disperse Spec-
troscopy (EDS). Finally, the distribution of chloride ion in
cement-based materials could be revealed, and the mechanism
behind was discussed. These findings could provide guidance
for the theoretical study of chloride immobilization and the
application of marine resources.
Table 1
Chemical composition (wt%) of cement.

Composition SiO2 CaO MgO Fe2O3

Cement 20.06 63.32 2.46 3.02
2. Experimental

2.1. Materials

Type I Portland cement used in this experiment was composed
of clinker and gypsum in accordance with requirements of GB
8076-2008 (Chinese standard). The chemical composition of
cement obtained from X-ray Fluorescence (XRF, Axios advanced,
made by PA Nalytical B.V., Holland) is presented in Table 1.

The commercial NA powder was supplied by Aladdin Industrial
Corporation in China. The XRD pattern of NA is presented in Fig. 1,
where the broad peaks suggest the amorphous structure. The
diffraction peaks of 2h = 37.59�, 39.88�, 46.06�, 61.01�, and
67.14�, can be observed, which confirms the c crystal form of alu-
mina [29]. The information from the supplier indicated purity of
99.99% and an average particle size less than 20 nm.

2.2. Sample preparation

The cement-based material pastes were prepared with the
water/binder ratio of 0.4. Chloride ions were introduced by adding
NaCl. And NA was added as a binder, replacing cement with the
ratio of 0.25%, 0.5%, 1%, 2%, and 4%. A commercially available poly-
carboxylate superplasticizer (PCE) was used to adjust the fluidity of
paste. Paste formulas are listed in Table 2.

The solution composed of Na, NaCl and deionized water was
dispersed by ultrasonic wave. Then this solution was mixed with
the cement. And the workability of the paste was controlled by
addition of PCE, tested with mini slump (170 ± 10 mm) following
the Chinese standard GB/T 8077-2012. Thereafter, the paste was
cast in 40 mm � 40 mm � 40 mm cubic moulds. After a curing in
chamber with �95% R.H. and 20 ± 2 �C for one day, the hardened
paste was demoulded. Then the paste was cured in a 20 ± 2 �C tem-
perature, and wrapped with plastic film, to isolate the vapor and
carbon dioxide in the air. At the age of 28 d, 90 d, and 180 d, sam-
ples were crushed, and the pieces were immersed in ethanol for
5 days to stop hydration. After that, these pieces were dried in a
vacuum at 40 �C for 6 h. Some pieces were prepared for EDS and
MIP, and the other pieces were grinded into powders. Powders
which could pass through a sieve of 0.15 mm, were used in the
measurement of chloride immobilization capacity. And the pow-
ders with particle size less than 45 lm were prepared for analysis
of hydration products (XRD, TGA, and NMR).

2.3. Methods

2.3.1. Immobilized chloride ratio (ICR)
ICR refers to the ratio of the content of immobilized chloride

(Cb) and the content of total chloride (Ct). Cb was the difference
between Ct and the content of residual free chloride (Cf) [31]. Ct

was calculated out according to the content of chloride ions added
into the fresh cement paste listed in the formula. Further, corrected
by the lost 25% free water during the ethanol immersion and dry-
ing, the calculated Ct in the dried hardened cement paste is
5.405 mg chloride ion/g binder.

The value of Cf was determined through leaching and titration
method, complying with the Chinese standard of Test Code for
Hydraulic Concrete (SL 352-2006). 10.00 g hardened cement paste
powder cured for required age was immersed into 100 mL deion-
Al2O3 SO3 Na2O K2O Ignition loss

5.28 2.69 0.06 0.76 1.81



Fig. 1. The XRD pattern of NA.

Table 2
Mix proportion (wt%) of paste.

Sample Cement NA Deionized water NaCl

CNA0 100 0 40 1.17
CNA0.25 99.75 0.25 40 1.17
CNA0.5 99.5 0.5 40 1.17
CNA1 99 1 40 1.17
CNA2 98 2 40 1.17
CNA4 96 4 40 1.17
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ized water. Then the suspension was shocked for 1–2 min and
stored for 24 h. Thereafter, the filtrate was obtained by filtration,
and the chloride concentration was titrated according to Mohr
method. Finally, Cf was calculated out based on the titration
results. Each titration was conducted twice, and the average was
taken as the final result.

2.3.2. TGA
The phase assemblage was verified by TGA, conducted with the

comprehensive thermal analyzer (STA449F3, made by NETZSCH,
Germany). The specimen was heated at a rate of 10 �C/min from
the room temperature to 1000 �C in N2 atmosphere. According to
the characteristic weight loss peak in DTG pattern, the content of
calcium hydroxide (CH) could be gained from TG data.

2.3.3. XRD/RIR
The phase assemblage was also characterized by X-ray diffrac-

tometer (XRD, D/Max-RB) with Cu (Ka) radiation and a current of
40 mA and 40 kV. And the test rate was 2�/min with a step of 0.02�.

Reference intensity ratio (RIR) relates to a method to conduct
semi-quantitative analysis on the relative mass ratio based on
the XRD data. In this experiment, XRD/RIR analysis could indicate
the relative mass ratios of CH to FS and CH to KS [32]. Since the
CH content was obtained in TGA, contents of FS and KS could be
calculated out respectively.

2.3.4. 27Al MAS NMR spectroscopy
27Al MAS NMR spectroscopy was conducted in this experiment,

using a Bruker Advance III400 spectrometer. Operating parameters
included 10 kHz rotation frequency, 2 s delay time, and the solu-
tion of Al(NO3)3�9H2O as a standard for 27Al.

In terms of the detection of aluminum-containing phase, XRD
characterized only the phase with crystalline structure, while
27Al MAS NMR could well detect aluminates with various local
structures, including amorphous and crystalline phases. Thus,
27Al MAS NMR spectroscopy is a valuable analytical tool for inves-
tigating the distribution of aluminum, referring to aluminum coor-
dinated in different forms, including tetrahedrons, octahedrons,
etc. Furthermore, the spectrum was processed with commercial
solid-state NMR software package, including adjusting the phase,
correcting baseline and iterative fitting. And the peak shapes were
constrained with Gaussian function.

2.3.5. MIP
Since the addition of NA into the cement-based materials nota-

bly affected the pore structure, MIP was conducted to characterize
this effect on pore size distribution. The mercury intrusion
porosimetry (Poremaster GT-60, Kangta Instrument Company,
USA) was operated at a maximum pressure of 420 MPa with the
contact angle of 140�. And the tested sample was prepared with
3–5 mm dried hardened cement pieces.

2.3.6. 29Si MAS NMR spectroscopy
29Si MAS NMR (solid-state nuclear magnetic resonance) spec-

troscopy was conducted in this experiment, using a Bruker
Advance III400 spectrometer. Operating parameters included
5 kHz rotation frequency, 5 s delay time, and tetramethylsilane
as a standard for 29Si.

In NMR spectrum of hydrated cement-NA paste, four peaks
were seen clearly: Q0, Q1, Q2 and Q2(1Al), presenting Si-O tetra-
hedrons in different chemical states [33,34]. After the process-
ing of spectrum including baseline correction and fitting, the
main chain length (MCL) of C-S-H gel and the ratio of Si in
C-S-H gel chain substituted by Al (Al/Si) were calculated as
follows:

MCL ¼
2I Q1
� �

þ2I Q2
� �

þ3I½Q2 1Alð Þ�
IðQ1Þ

ð3Þ

Al=Si ¼ 0:5I½Q2 1Alð Þ�
I Q1
� �

þI Q2
� �

þI½Q2 1Alð Þ�
ð4Þ

The hydration degree of cement (AC) could also be evaluated as
Eq. (5):

ACð%Þ ¼ 1-
IðQ0Þ
I0ðQ0Þ

ð5Þ

Wherein, I(Qn) was the integrated intensities of signals of Qn in
hydrated sample; I0(Qn) was the integrated intensities of signals of
Qn in unhydrated cement mixture.

2.3.7. EDS
In this work, EDS was used to evaluate the Ca/Si ratio of the C-S-

H gel. And the tested sample was prepared from the hardened
cement pieces, followed by being dried under vacuum, polished
and platinum-coated. An energy dispersive spectrometer, provided
by EDAX Inc., USA, was used with an acceleration voltage of 20 keV
and a working distance of 10 mm. EDS reports were given by
TEAMTM software (supplied by EDAX Inc., USA). The test points
for EDS dot scanning were chosen in the zone of C-S-H gel, and
the final Ca/Si ratio was the average of numerous points.

2.3.8. Thermodynamic modeling
Thermodynamic modeling was conducted with the Gibbs free

energy minimization software (GEMS), and the relevant cement
data was supplied by PSI-GEMS database [35]. Based on the ther-
modynamic calculation aiming to minimize the Gibbs free energy
of the system, the equilibrium phase assemblage was obtained
for a given total bulk elemental composition.



Fig. 2. ICRs of samples with different NA dosages (0–4%) at the age of 28 d, 90 d,
and 180 d.
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In this experiment, the addition of alumina up to 4% expanded
the content of aluminum in the cement paste, and significantly
changed the final phase assemblage. Although some defects
existed in this modeling (for instance, the adsorption of aluminum
by C-S-H gel was not considered), the given result could still pro-
vide important guidance.
Fig. 3. DTG patterns of CNA0 and CNA4 hydrated for (a) 28 d, (b) 90 d, and
3. Results and discussion

3.1. Chloride immobilization capacity

In Fig. 2, the results of chloride immobilization capacity are pre-
sented. The ICR of the reference sample (CNA0) at 28 d is defined as
100%, and the relative ratios of ICR of other samples is also labeled.

As shown in Fig. 2, at the same curing age, it can be found that the
dosage of NA has obvious impact on ICR: the addition of NA
enhances ICR, and this improvement is strengthened with the
increase of dosage. In comparison with the reference sample, 4.0%
NA heightens ICR by 7% at 28 d, 20% at 90 d, and 29% at 180 d. Fur-
thermore, ICR value is altered with the increase in curing age. In ref-
erence sample, ICR is reduced by 11% from 28 d to 90 d and by 19%
from 28 d to 180 d. In CAN0.25-CNA2, the same tendency is also
observed, but in CNA4, surprisingly, the opposite is true. This result
indicates that NA can improve the ICR at the long age.

ICR is related to chemical reaction, physical adsorption, and migra-
tion resistance, and more details are presented in the following text.
3.2. Chemical binding

The amount of chloroaluminates in hydrates is closely related to
chemical binding, and these hydrates were characterized by TGA,
XRD and 27Al NMR.

As presented in Fig. 3, decomposition peaks of FS, KS and CH are
marked in the DTG patterns [36–40]. In Fig. 3a, at the age of 28 d,
(c) 180 d (FS: Friedel’s salt, KS: Kuzel’s salt, CH: calcium hydroxide).
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peaks of FS and KS in CNA4 are higher than those in CNA0; and in
Fig. 3b and c, when the curing age extended to the ages of 90 d and
180 d, intensities of peaks of chloroaluminates, especially KS, are
significantly increased by the addition of NA.

Fig. 4 presents the XRD patterns of CNA0 and CNA4 hydrated for
different ages. In Fig. 4a, at the age of 28 d, the peaks of FS (ICSD
#62363) and KS in CNA4 are respectively higher than those in
CNA0 [23,41]. And these gaps of peak intensities become more
obvious when the curing age extends to 90 d and 180 d in Fig. 4b
and c. These results indicate that the addition of NA increases
the contents of chloroaluminates by participating the pozzolanic
reaction and dissolving aluminum ions into solution.

In addition, the extension of the curing age also affects the
phase equilibrium. From 28 d to 90 d, the peak intensity of FS is
significantly reduced, while that of KS increases. Based on the fact
that FS and KS with the high similarity in molecular structures are
produced by the binding of AFm structure [[Ca2Al(OH)6]2+] with dif-
Fig. 4. XRD patterns of CNA0 and CNA4 hydr

Table 3
Contents (wt%) of CH, FS and KS, and contents (wt%) of chloride ions bound by FS and KS

Sample CH content FS content

CNA0 at 28 d 20.47 0.82
CNA4 at 28 d 19.11 0.87
CNA0 at 90 d 22.92 0.45
CNA4 at 90 d 20.94 0.64
CNA0 at 180 d 23.11 0.39
CNA4 at 180 d 21.21 0.54
ferent ions (Cl� and SO4
2�), this change may imply a phase transfor-

mation from FS to KS. And this transformation occurs at low
chloride/sulfate ratio, when FS could not maintain thermodynamic
stability [41]. Since FS ([Ca2Al(OH)6�2H2O]2�Cl2�4H2O) and KS ([Ca2-
Al(OH)6�2H2O]2�(SO4)0.5�Cl�6H2O) have different capacities to bind
chloride ions observed from the molecular formula, this phase
transformation with the extension of curing age would reduce
the chemical binding capacity.

Table 3 shows the contents of FS and KS calculated out through
RIR method in Section 2.3.3. And the amount of chloride ion in FS
and KS is obtained according to the molecular formulas.

As presented in the table, contents of chloride bound by FS and
KS in CNA4 are 0.1243% at 28 d age, 0.1147% at 90 d age, and
0.0878% at 180 d age, and these for CNA0 are 0.1094%, 0.0733%,
and 0.0649%. Obviously, the chloride bound by FS and KS in
CNA4 at 28 d, 90 d, or 180 d is much more than that of CNA0, indi-
cating that addition of NA enhances the chemical binding.
ated for (a) 28 d, (b) 90 d, and (c) 180 d.

.

KS content Content of chloride in FS and KS

0.10 0.1094
0.24 0.1243
0.29 0.0733
0.58 0.1147
0.27 0.0649
0.35 0.0878



Table 4
Distribution of 27Al sites in different samples.

Sample AlVI (%) AlV (%) AlIV (%)

chloroaluminates TAH Total

CNA0 at 28 d 44.63 30.77 75.40 3.83 20.77
CNA4 at 28 d 37.82 37.11 74.93 3.27 21.80
CNA0 at 90 d 40.79 38.57 79.36 1.87 18.77
CNA4 at 90 d 33.07 44.75 77.82 1.18 20.99
CNA0 at 180 d 35.30 44.99 80.29 1.71 18.00
CNA4 at 180 d 32.30 44.70 77.00 1.99 21.01
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Furthermore, from 28 d to 180 d, the decrease in the value of
chemically bound chloride in CNA4 is 29.4%, and that for CNA0 is
40.7%, much higher than that in CNA4. This result demonstrates
that addition of NA mitigates the decline in chemical binding
capacity at the long age.

To further investigate the effect of NA on the chloroaluminates,
27Al NMR was conducted, and the spectra are showed in Fig. 5. In
the spectra, the peak integral intensity depends on the amount of
aluminum at the corresponding site. And the octahedral region
(AlVI) is ascribed to chloroaluminates at 11.5 ppm and third alumi-
nate hydrates (TAH) at 6.5 ppm [42–44]. According to Andersen
et al., TAH represents amorphous calcium aluminate hydrates on
particle surfaces of C-S-H grains [45]. And the tetrahedral alu-
minum (AlIV) near 70 ppm and the penta-coordinated aluminum
(AlV) near 35 ppm are related to the aluminum in different sites
of the C-S-H gel [46,47].

Fig. 5a presents the distribution of aluminum in the raw mate-
rial. And the results indicate that peaks of aluminum in NA and
cement are respectively near 9 ppm and 80 ppm. The position of
these peaks is different from the positions of peaks in Fig. 5b,
implying that most of the aluminum in raw materials participates
in the hydration reaction and forms new phases at 28 d.
Fig. 5. Deconvoluted 27Al MAS NMR spectra of (a) raw materials, CNA0 and CNA4 hydrate
the pure cement in (a) is vertically expanded by 40 times, while the spectra in (b), (c),
As revealed in Fig. 5b–d, at the same curing age, the peak inten-
sities of chloroaluminates are obviously strengthened by the addi-
tion of NA, implying that NA could effectively increase the amount
of FS and KS. And Table 4 shows that from 28 d to 180 d, only 5.52%
aluminum in chloroaluminates is reduced in CNA4, much less than
9.33% in the reference sample, suggesting the long-term stability of
chloroaluminates is significantly improved by adding NA.

Furthermore, Table 4 also reveals that with the extension of the
curing age, the amount of aluminum in chloroaluminates is
d for (b) 28 d, (c) 90 d, and (d) 180 d (C: chloroaluminates, T: TAH). The spectrum of
and (d) are shown on a normalized intensity scale.
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reduced, while the opposite is right for TAH. This result suggests
that the reduction in the amount of chloroaluminates at the long
age is closely related to the formation of TAH.
3.3. Chloride migration resistance

Pore structure is accepted as one of the main factors influencing
the chloride migration, and refined pore structure can physically
resist the chloride migration by blocking the channel. MIP was con-
ducted to characterize the pore structures of the hardened pastes,
and the results are showed in Fig. 6 and Table 5.

Electrical double layer (EDL) was reported to show a strong
impact on the migration of chloride ions in the pore diameter less
than 10 nm, and the reason was that chloride ion solvated into 2–
3 nm cluster could be easily adsorbed by EDL [48–50]; and these
structures could further block chloride ions transport in channel,
with contribution to chloride migration resistance. Therefore, pore
with size less than 10 nm is of great interesting.

As shown in Table 5, the addition of NA increases the volume of
pore with size less than 10 nm at the age of 28 d and 180 d, indicat-
ing that NA improves the chloride migration resistance. Addition-
ally, with addition of NA, the total porosity and the volume of
pore with size greater than 10 nm are reduced regardless of curing
age, because of the filling effect of nano particles. These results
illustrate the refinement of pore structure by adding NA, with con-
tribution to the chloride migration resistance.

It is noticed that from 28 d to 180 d, NA reduces the volume of
pore with size less than 10 nm, and this result illustrates that NA
has negative effect on EDL after 28 d age. However, the volume
of pore with size larger than 10 nm and the total porosity are sig-
nificantly reduced in CNA4 with the extension of age, and the
refined pores exert positive effect on chloride migration resistance.
And this probably shows greater efficacy than that of EDL, thereby
higher chloride migration resistance.
Fig. 6. The pore size distribution of CNA0

Table 5
Pore size distributions of hardened cement-NA pastes at different ages.

Samples CNA0 at 28 d CN

Porosity (mL/g) 0.1187 0.1
<10 nm pore volume (mL/g) 0.0232 0.0
>10 nm pore volume (mL/g) 0.0955 0.0
3.4. Physical adsorption

3.4.1. Amount of C-S-H gel
Physical adsorption of chloride ions in cement-based materials

due to the adsorption of C-S-H gel with electric double layer is
mainly decided by amount of C-S-H gel. Therefore, 29Si MAS NMR
was adopted to evaluate the amount of C-S-H gel by determine
the hydration degree of cement.

The deconvoluted 29Si MAS NMR spectra of samples are plotted
in Fig. 7, and the difference between the spectrums of CNA0 and
CNA4 can be observed. Peaks named Q0, Q1, Q2 (1Al) and Q2 are
labeled in the figure: Q0 presents the unhydrated Si-O tetrahedron
in cement minerals; Q1 and Q2 present the chain end groups and
middle-chain groups in the chain of C-S-H gel, respectively; Q2

(1Al) relates to the middle-chain groups where one of the adjacent
tetrahedral sites is occupied by aluminum [51,52]. Based on the fit-
ting and calculation of spectra, three important parameters are
obtained in Table 6, including the main chain length (MCL), the
Al/Si ratio, and the reaction degree of cement (AC).

Obviously, at the same age, the Q0 peak of CNA4 is higher than
that of CNA0 in Fig. 7, implying the more amount of unhydrated Si-
O tetrahedron in CNA4. And Table 6 reveals that reaction degrees of
cement (AC) of CNA4 are 62.04% at 28 d, 68.15% at 90 d, and 70.62%
at 180 d, and these for CNA0 are 66.00%, 70.06%, and 71.37%, which
are higher than those in CNA4. These results imply that the addi-
tion of NA hinders the hydration of cement and reduces the
amount of C-S-H gel.

Furthermore, as suggested in Table 6, the gap of AC between
CNA0 and CNA4 declines with the extension of the age, from
3.96% at 28 d, to 1.91% at 90 d, and further to 0.75% at 180 d,
demonstrating that retardation effect of NA on cement hydration
is reduced with the age. Consequently, the addition of NA weakens
the physical adsorption due to its retardation effect on the forma-
tion of C-S-H gel, and this negative effect is decreased with the
extension of age.
and CNA4 at (a) 28 d and (b) 180 d.

A4 at 28 d CNA0 at 180 d CNA4 at 180 d

086 0.0988 0.0929
294 0.0208 0.0221
792 0.0780 0.0708



Fig. 7. Deconvoluted 29Si MAS NMR spectra of CNA0 and CNA4 hydrated for (a) 28 d, (b) 90 d, and (c) 180 d. The six spectra are shown on a normalized intensity scale.

Table 6
Deconvolution results of 29Si MAS NMR spectra.

Sample Q0 (%) Q1 (%) Q2 (1Al) (%) Q2 (%) MCL Al/Si ratio (%) AC (%)

CNA0 at 28 d 34.00 40.68 16.96 8.36 3.45 0.06 66
CNA4 at 28 d 37.96 32.36 18.43 11.25 4.18 0.09 62.04
CNA0 at 90 d 29.94 42.94 16.68 10.44 3.51 0.07 70.06
CNA4 at 90 d 31.85 38.24 15.04 14.88 3.95 0.11 68.15
CNA0 at 180 d 28.63 35.87 22.04 13.46 4.35 0.09 71.37
CNA4 at 180 d 29.38 32.95 20.66 17.01 4.8 0.12 70.62
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3.4.2. Ca/Si ratio of C-S-H gel
The Ca/Si ratio is reported as another important factor influenc-

ing the capacity of C-S-H gel to adsorb chloride ion, and the higher
Ca/Si ratio shows stronger capacity [12,16,53]. The average Ca/Si
ratio detected by EDS dot scanning is presented in Fig. 8, and the
standard deviation is labeled.

Obviously, the Ca/Si ratio in CNA4 is lower than that in the ref-
erence sample, regardless of the curing age. This result indicates
that the addition of NA decreases the Ca/Si ratio of C-S-H gel. In
this case, the physical adsorption is reduced. The reason for the
decrease in Ca/Si ratio of C-S-H gel is attributed to the fact that
the consumption of CH by the pozzolanic reaction of NA reduces
the amount of calcium for the formation of C-S-H gel.

Based on discussion above, it can be found that NA reduced the
physical adsorption, and the reason is related to two aspects: the
reduced amount of C-S-H gel due to its retardation effect and the
decreased Ca/Si ratio by the consumption of calcium.

3.5. Mechanism

The thermodynamic modeling is employed to predict the final
phase assemblage for cement-NA system containing NaCl. To make



Fig. 8. Ca/Si ratio of C-S-H gel of samples.

Fig. 9. Phase assemblages for the cement-NA system containing NaCl.

Table 7
The relative volume (vol%) of the capillary pore in hardened pastes at 25 �C, 1 bar.

CNA0 CNA0.25 CNA0.5 CNA1 CNA2 CNA4

Relative volume 3.11 3.06 3.02 2.95 2.78 2.45

Fig. 10. Schematic description of the chloride distribution in samples.
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the prediction easier to understand, this modeling is simplified by
assuming the composition of cement as 50% C3S, 25% C2S, 20% C3A
and 5% CaSO4. And the results are plotted in Fig. 9.

As revealed in the figure, the final phase assemblage of the
cement-NA system contained C-S-H gel, CH, AFm, KS, C3AH6, Na2-
SO4, and with the increase of NA dosage, CH decreases and C3AH6

increases. The main difference in phase assemblage between the
measurement and the prediction is the tested FS and TAH, and
the predicted AFm and C3AH6. It results from the fact that the
hydration at the age of 180 d still could not reach the final equilib-
rium. Under this thermodynamic imbalance state, the transforma-
tion from FS to KS is observed in XRD, probably accompanied with
the formation of slight amount of AFm [23,41,54]. Therefore, the
thermodynamic modeling illustrates the instability of FS, and pre-
dicts the future phase assemblage.

Moreover, the thermodynamic model also predicts the relative
volume of the capillary pore as revealed in Table 7, based on the
fact that the space occupied by the unreacted water in the cement
paste would eventually be converted into the space of capillary
pores. It implies that the volume of the capillary pore is reduced
by adding NA, promoting the resistance to chloride migration.

As plotted in Fig. 10, the chloride inside the cement-based
materials could be quantitatively divided into three parts: a) the
content of free chloride ion, directly determined by the titration;
b) the chemically immobilized chloride ion, related to the chloride
in FS and KS presented in Table 3; c) the physically immobilized
chloride, ascribed to the physical adsorption by C-S-H gel and the
migration resistance.

Evidently, CNA4 immobilizes more chloride ion than the refer-
ence sample, irrespective of the curing age. The addition of 4%
NA increases the amount of chemically immobilized chloride,
resulting from the fact that NA facilitates the formation of chloroa-
luminates and increases their stability at the long age. The reasons
for the increase in physically immobilized chloride by adding NA
could be ascribed to the fact that the positive effect of refinement
byNA on migration resistance is stronger than the negative effect
on the adsorption of C-S-H gel. And with the extension of the cur-
ing age, the retardation effect on producing C-S-H gel is declined,
resulting in the further increase of physically immobilized
chloride.
4. Conclusions

The addition of NA has a great influence on the chloride immo-
bilization. In control sample, ICR of cement decreases with age;
after the addition of NA, the situation improves significantly, and
sample added with 4% NA could even obtain the higher ICR at
the age of 180 d.

Based on the measurement results, the mechanism of NA
changing ICR could be revealed from three aspects: a) chemical
binding is strengthened by increasing the content of chloroalumi-
nates formation; b) the migration resistance is enhanced by refin-
ing the pore structure; c) physical adsorption is decreased
negligibly, due to the fact that the addition of NA slightly reduced
the amount and Ca/Si ratio of C-S-H gel.

The final results of these three parts are the effective enhance-
ment of ICR at the age of 90 d and 180 d. It provides a promising
way to improve the long-term chloride immobilization capacity.
Therefore, the application of NA in chloride immobilization is
expected to provide guidance for the development of marine
resources
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