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h i g h l i g h t s

� Pretreatment depolymerizes surface structure and benefits pozzolanic reaction of FA.
� Pretreatment can enhance the early chloride binding capacity of cement-FA system.
� Increased chloride binding capacity is due to more Friedel’s salt and C-S-H gel.
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a b s t r a c t

Formation of Friedel’s salt (FS) and Kuzel’s salt (KS) can chemically bind chloride in cement-based mate-
rials, and in cement-fly ash system, this can be facilitated by the pozzolanic reaction of fly ash (FA), with
obvious contribution to the chloride binding capacity. In this study, FA was pretreated with alkali solu-
tion in order to depolymerize the surface structure and hasten ions dissolution to accelerate its poz-
zolanic reaction at the early age, with the intention to enhance its chloride binding capacity.
Difference in chloride binding capacity between cement-FA system and cement-pretreated FA system
was investigated, and the mechanism behind this difference was discussed. Formations of FS and KS in
hydrates were verified with XRD, TGA and SEM; and the hydration process of cement-FA system was ana-
lyzed with NMR and SEM. The results show that pretreatment can depolymerize the surface structure and
benefit the pozzolanic reaction of FA. In comparison with cement-untreated fly ash (C-UFA), more
amounts of FS can be produced in cement-pretreated fly ash (C-PFA) at 3 d and 28 d age, and the reason
is that the accelerated pozzolanic reaction can hasten the dissolution of aluminum from FA into liquid
and participate in hydration. Additionally, the chloride binding capacity of C-PFA system is much stronger
than that of C-UFA, and the main reasons can be revealed: on the one hand, more amounts of chloride can
be chemically bound in the process of forming FS and KS; on the other hand, more amounts of C-S-H gel
in hydrates, resulting from the accelerated pozzolanic reaction, can also physically adsorb the chloride.
The findings would be expected to provide guidance on improving the chloride binding capacity of
cement-fly ash system.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The utilization of sea sand instead of river sand has received
increasing attention in marine construction. The issue of greatest
concern is that chloride in the sea sand can diffuse and transport
in the concrete, and cause corrosion of steel, eventually leading
to the structure damage. To avoid this risk, chloride binding in
cement-based materials is very important.

According to the literatures, the addition of supplementary
cementitious materials, such as ground granulated blast furnace

slag [1–3], fly ash (FA) [4] and metakaolin [5,6], can significantly
increase the chloride binding capacity of the system [7–9]. And
the mechanism behind is due to two aspects: physical
adsorption and chemical binding [10,11]. The former is
because hydrates (e.g., C-S-H gel and CH) can physically adsorb
chloride [12]; the latter is due to the formation of Friedel’s salt
(FS, 3CaO�Al2O3�CaCl2�10H2O) and Kuzel’s salt (KS, 3CaO�Al2O3�
1/2CaCl2�1/2CaSO4�10H2O) [13,14].

As one of the most commonly used supplementary cementi-
tious material, fly ash can obviously increase the chloride binding
capacity of cementitious materials, and the widely accepted reason
is mainly due to the increase of FS content in hydrates. The dis-
solved aluminum from both of tricalcium aluminate (C3A) in

https://doi.org/10.1016/j.conbuildmat.2018.04.178
0950-0618/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: thbwhut@whut.edu.cn (H. Tan).

Construction and Building Materials 175 (2018) 726–734

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2018.04.178&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2018.04.178
mailto:thbwhut@whut.edu.cn
https://doi.org/10.1016/j.conbuildmat.2018.04.178
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


cement and FA can participate in hydration and produce FS [15,16].
In general, C3A can initially hydrate to form the AFm structure
([Ca2Al(OH)6�2H2O]+) [17], and then chloride and sulfate would
be absorbed by [Ca2Al(OH)6�2H2O]+ to produce FS, KS, ettringite
(AFt) and calcium monosulfoaluminate hydrate (AFm). In addition,
the pozzolanic reaction of FA can also release aluminum into liq-
uid: one part of aluminum can be absorbed by C-S-H gel, and the
other can form [Ca2Al(OH)6�2H2O]+ to accelerate the formation of
FS. In this case, accelerating the pozzolanic reaction of FA can not
only facilitate the formation of FS, but also increase the amount
of C-S-H gel to improve the physical adsorption. Therefore, it
would be expected that the chloride binding capacity could be
improved with the acceleration of pozzolanic reaction of FA.

In sea sand concrete, the problem which may arise at the early
age should receive more attention: chloride can diffuse from the
sea sand and migrate to the surface of steel bar at the very early
age, with the potential risk of steel corrosion. In cement-FA system,
this risk would be even more serious, because the early pozzolanic
reaction of FA is quite slow [18–20], and the migration of ions can
easily take place in the porous structure [21–23]. Therefore, atten-
tion should be paid to the improvement of early chloride binding
capacity.

In this study, FA was pretreated with an alkali solution, in order
to depolymerize the surface structure to facilitate the dissolution
of aluminum, thereby accelerating the pozzolanic reaction
[24,25]. The differences in chloride binding capacity between
cement-FA (C-UFA) and cement-pretreated FA (C-PFA) at 3 d and
28 d were investigated. The hydrates were characterized with X-
ray diffraction (XRD), differential thermo-gravimetric analysis
(DTG), scanning electron microscope (SEM) and nuclear magnetic
resonance (NMR) to illustrate the effects of PFA on hydration pro-
cess and hydration products. Finally, the mechanism of improve-
ment in chloride binding capacity was systematically discussed.
It was expected that these findings would provide experience for
enhancing the early chloride binding capacity of cement-FA
system.

2. Experiment

2.1. Materials

2.1.1. Cement and FA
Type I Portland cement (P.I) in accordance with the require-

ments of GB 8076-2008 (Chinese standard) and class F-II fly ash
(FA) in accordance with the requirements of GB/T 1596-2005
(Chinese standard) were used in the experiment. The chemical
compositions of cement and FA were obtained with X-ray Fluores-
cence (XRF, Axios advanced, made by PANalytical B.V., Holland),
and the results are given in Table 1. The mineral compositions of
the cement calculated through Bogue method are shown in
Table 2.

2.1.2. Pretreatment of FA
KOH (Reagent-grade), NaOH (Reagent-grade) and triiso-

propanolamine (TIPA, white solid, �95.0% purity) were used in this
study. The solution was prepared with 0.5 mol/L KOH, 0.5 mol/L
NaOH and 0.01 mol/L TIPA. Then FA was immersed into the solu-
tion with liquid/solid ratio of 5.0 by weight. The suspension was
kept for 6 h at the temperature of 60 �C. Finally, the suspension

was filtered and the solid was washed by deionized water at least
5 times until the carbon content in filtrate was constant.

The SEM images of untreated FA (UFA) and pretreated FA (PFA)
are shown in Fig. 1. The difference between these two can be seen
clearly: the surface of the UFA is smooth; while that for PFA
become obviously rough, and the vitreous surface of PFA has been
corroded. The reason for this is that the alkali in solution can
depolymerize the aluminum and silica structure on the surface of
FA. In this case, the acceleration of pozzolanic reaction of FA would
be expected.

2.2. Samples preparation

The paste was prepared as shown in Table 3. Polycarboxylate
superplasticizer (PCE) was used to keep the same fluidity [26–
29]. It is noticed that NaCl and PCE was dissolved in the mixing
water in advance.

The paste was cast in 40 mm � 40 mm � 40 mm cubic metallic
moulds and cured in the >90% R.H. and 20 ± 2 �C chamber for 24 h,
and then demoulded and further cured with the same condition. At
3 d and 28 d age, the samples were broken into small pieces, and
immediately immersed into ethanol in order to stop hydration.
These pieces were dried at 65 �C for 8 h, and then ground into pow-
der. One part of powder, which could pass through a sieve of 0.15
mm, was prepared for the measurement of chloride binding capac-
ity, and the other, which could pass through a 45 lm sieve, was
prepared for analysis of hydration products.

2.3. Methods

2.3.1. Bound chloride ratio
The free chloride content (Cf) was determined through tradi-

tional leaching method and titration method according to the Chi-
nese standard of Test Code for Hydraulic Concrete (SL 352-2006).
The specific experimental process is shown as follows:

10.0 g hardened cement paste powder was soaked in 100 mL
deionized water. Then the suspension was severely shocked for
2 min and stored for 24 h. Thereafter, the upper supernatant was
obtained by filtration. With addition of phenolphthalein as an indi-
cator, the filtrate was neutralized by adding dilute sulfuric acid to
be pH = 7. Free chloride ion in cement paste was determined by
Mohr method. The main chemical reactions were Eqs. (1) and (2).
20.0 mL filtrate was titrated with 0.02 mol/L AgNO3 using K2CrO4

solution (5 wt%, 0.5 g) as an indicator. When the brick red precip-
itate Ag2CrO4 appeared, it was the end point of the titration.

AgNO3 þ Cl� ! AgCl # þNO�
3 ð1Þ

2AgNO3 þ K2CrO4 ! Ag2CrO4 # þ2KNO3 ð2Þ
Free chloride ion content in the cement paste could be calcu-

lated through Eq. (3).

Cf ¼ CV3 � 0:03545
G� V2

V1

� 100% ð3Þ

wherein, Cf: free chloride ion content in the paste, %; C: AgNO3 con-
centration, mol/L; G: sample mass, g; V1: volume of water soaking
sample, mL; V2: the volume of the filtrate used for titration, mL;
V3: volume of the consumption of silver nitrate solution, mL.

Each filtrate was tested twice, and the average was the result.

Table 1
Chemical compositions (wt%) of cement and FA.

Composition SiO2 CaO MgO Fe2O3 Al2O3 SO3 Na2O K2O Total Cl Ignition loss

Cement 20.06 63.32 2.46 3.02 5.28 2.69 0.06 0.76 0.03 1.81
FA 51.85 6.99 0.64 4.53 28.65 1.29 0.45 0.98 2.23
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