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Utilization of sea sands and coral aggregate for concrete in ocean construction is increasingly attracting the attention all over the
world. However, the potential risk of steel corrosion resulting from chloride in these raw materials was one of the most concerned
problems. To take this risk into account, chloride transporting to the surface of steel should be hindered. The formation of Friedel’s
salt in hydration process is widely accepted as an eﬀective manner for this hindrance. In this study, an attempt to hasten the
formation of Friedel’s salt by adding triisopropanolamine (TIPA) was done in the cement-ﬂy ash system, with intention to
chemical bind chloride, and the chloride-binding capacity at 60 d age was examined. The results show that TIPA can enhance the
chloride-binding capacity of cement-ﬂy ash paste at 60 d age, and the reason is that the formation of Friedel’s salt can be
accelerated with addition of TIPA. The mechanism behind is revealed as follows: on the one hand, the accelerated cement
hydration provides more amount of calcium hydroxide to induce the pozzolanic reaction of ﬂy ash, which can hasten the
dissolution of aluminum into liquid phase; on the other hand, TIPA can directly hasten the dissolution of aluminum in ﬂy ash,
oﬀering more amounts of aluminum in liquid phase. In this case, the aluminum/sulfate (Al/S) ratio was obviously increased,
beneﬁting the formation of Friedel’s salt in hydration products. Such results would expect to provide useful experience to promote
the chloride-binding capacity of cement-ﬂy ash system.

1. Introduction
In recent years, marine exploitation is increasingly attracting
the attention all over the world. In ocean construction, the
durability of concrete is of great importance [1, 2]. However,
attempt to utilize the sea sands and coral aggregate as raw
materials of concrete has been done, and the potential risk of
steel corrosion is one of the most concerned problems in
terms of durability. In fact, this risk depends on whether the
chloride could transport to the surface of the steel or not.
Therefore, binding the chloride to hinder its transport would
be of great importance to the durability of reinforced
concrete [3–5].
There are two forms of chloride ions in ocean aggregates.
One is free chloride, which means that this kind of
chloride can transport around in concrete, and the other is
bound chloride. The former would lead to the corrosion of

reinforcing steel if the chloride is transported to the surface of
steel, while the latter has almost no risk of steel corrosion.
Therefore, binding free chloride would signiﬁcantly reduce the
risk of steel corrosion, with great beneﬁt to the durability of
concrete structures. According to the binding mechanism,
chemical reactions and physical absorption can be found in the
literatures [6–8]. The former means that chloride ions can
participate in the hydration reaction to form the hydration
products, such as Friedel’s salt (FS, 3CaO·Al2O3·CaCl2·10H2O)
and Kuzel’s salt (KS, 3CaO·Al2O3·0.5CaCl2·0.5CaSO4·10H2O)
[9, 10]. The latter is that chloride ions are mainly absorbed by
calcium silicate hydrate (C-S-H) gel [11–13]. By contrast, the
former is more eﬀective and plays the dominant role. Furthermore, binding chloride by formation of FS and KS depends on the reaction of aluminum ions, sulfate ions, chloride
ions, and calcium ions [14]. Generally, more amounts of the
aluminum phase in the cement system can lead to more
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Table 1: Chemical compositions of cement and FA.

Cement (wt.%)
FA (wt.%)

Loss
3.82
5.97

SiO2
24.08
48.33

Al2O3
4.72
31.69

Fe2O3
2.46
4.14

amounts of formation of FS. Taking C3A, for example, cement
with higher content of C3A can obviously increase the content
of FS in hydration products [15–17]. Addition of supplementary cementitious materials, such as fly ash (FA), can also
hasten the formation of FS because aluminum can be dissolved
in the process of pozzolanic reaction [18–20].
In the cement-FA system, chemicals can also hasten the
pozzolanic reaction of FA and dissolution of aluminum. Paya
et al. showed that grinding fly ash to finer particles can obviously hasten the hydration of fly ash, but this method will
lead to energy consumption [21]. Dakhane et al. reported that
pH-neutral alkali sulfates could activate fly ash, resulting in
70% reduction of clinker factor [22]. Sodium sulfate can also
activate the pozzolanic reaction of fly ash, but this kind of
chemical has negative effect on long-term performance of
cement-based materials [23]. By contrast, TIPA can exert high
efficiency to hasten the dissolution of FA and cement minerals
[24–27]. On the one hand, the accelerated hydration of cement
can form more calcium hydroxide (CH) to hasten the pozzolanic reaction of FA; on the other hand, TIPA can also
induce the dissolution of FA to release more amounts of silicate
and aluminum into solution to participate in the hydration. In
this case, with addition of TIPA in the cement-FA system,
pozzolanic reaction of FA and dissolution of aluminum would
be accelerated and the amount of FS would be expected to
increase, with great contribution to chloride-binding capacity.
In this study, the chloride-binding capacity of the
cement-FA system with addition of TIPA was systemically
studied. The free chloride was induced with addition of
sodium chloride (NaCl), and the chloride-binding capacity
of the paste cured for 60 d was examined. Hydration process
of the system was investigated with analysis of hydration
heat, and the hydration products were characterized with
scanning electron microscope (SEM), thermogravimetric
analysis (TGA), and X-ray diffraction (XRD). The reaction
degree of cement and FA was evaluated with solid-state
nuclear magnetic resonance (NMR). The dissolution of FA
was analyzed with SEM and inductively coupled plasma
(ICP) emission spectrometer. The mechanism behind was
investigated in terms of hydration heat, hydration products,
and dissolution of FA. Such results were expected to provide
useful experience to promote the chloride-binding capacity
of the cement-FA system.

2. Materials and Test Methods
2.1. Materials
2.1.1. Cement and Fly Ash. Portland cement (P.I 42.5,
Wuhan Yadong Cement Co., Ltd.) in accordance with the
requirements of GB175-2007 (Chinese Standard) and class
F-II FA in accordance with the requirements of GB/T
1596-2005 (Chinese Standard) were used in this study.
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Figure 1: Schematic diagram of molecular structure of TIPA.

The chemical compositions of cement and FA were analyzed by XRF, and the results are given in Table 1.
2.1.2. TIPA. A reagent-grade triisopropanolamine (TIPA,
anhydrous white solid, ≥95% purity, made by Aladdin Biochemical Technology Co., Ltd., Shanghai, China) was used.
Additionally, the added dosage of TIPA was recorded as the
solid amount. The chemical structure of TIPA is show in
Figure 1.
2.1.3. Preparation of Specimens. Cement-FA paste (30% FA
and 70% cement) with addition of NaCl (1.11% of cement-FA
binder) and TIPA (0%, 0.03%, 0.06%, and 0.10% of cementFA binder) was prepared with a water/binder ratio of 0.38.
TIPA and NaCl were dissolved in water in advance. The fresh
pastes were cast in 40 mm × 40 mm × 40 mm cubic metallic
moulds, cured in a >90% RH and 20 ± 1°C chamber for 24 h,
and then demoulded and further cured with the same condition. At the age of 60 days, compressive strength was
measured. The samples were also broken into small pieces and
immediately immersed into ethanol in order to stop hydration. The pieces were dried in a vacuum drier at 60°C. The
samples were prepared for the measurement of chloridebinding capacity. Additionally, these specimens were also
powdered by hand, and the powder, which could pass through
a 63 μm sieve, was prepared for the phase analysis
(i.e., hydration products).
2.2. Test Methods
2.2.1. Chloride-Binding Capacity. The sample (about 20 g)
was dried in a vacuum drier at a temperature of 60 ± 5 °C for
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2 hours and then powdered by hand. The powder, which
could pass through a 15 μm sieve, was prepared for the
measurement. The sample (10 g) was put into a triangular
ﬂask and distilled water (100 g) was added, and then it was
oscillated violently for 1-2 min. The sample was soaked for
24 hours and then ﬁltered. The ﬁltrate (20 g) was put into
triangular ﬂask. Two drops of phenolphthalein were
added as a pH indicator, and then it was neutralized with
dilute sulfuric acid to be colorless. After that, 10 drops of
potassium chromate indicator with a concentration of 5%
were added, and silver nitrate (0.02 mol/L) was added
continuously until brick red precipitate appears. At this
time, the added volume of silver nitrate solution was
marked [28].
The amount of free chloride ion can be calculated as
follows:
CV3 × 0.03545
P�
× 100%,
(1)
G × V2 /V1 
where P is the content of free chloride ions in paste, %; C is
the concentration of AgNO3, mol/L; G is the weight of the
paste sample, g; V1 is the volume of water used to soak the
sample, mL; V2 is the volume of ﬁltrate used for measurement, mL; and V3 is the volume of consumption of silver
nitrate solution, mL.
The initial content of chloride ions (P0 ) in the sample
could be calculated by the added amount of NaCl, and the
chloride-binding rate (CBR) was calculated as follows:
P − P
CBR � 0
× 100%.
P0

(2)

2.2.2. Compressive Strength. Three specimens of each
mixture were tested, in accordance with GB/T50081-2002,
and the average was the result of compressive strength.
2.2.3. Ions Dissolution of FA. Firstly, pore solution with
diﬀerent concentrations of TIPA (0–20 g/L) was prepared with
KOH and NaOH (K+/Na+ � 1 :1; pH � 13). One gram of FA
was added into these solutions (20 g), respectively, and then
mixed. The suspension was sealed in a plastic container and
cured at a temperature of 20 ± 1°C. For each 12 h, the containers
were shocked in order to make the suspension to be even.
At the age of 60 d, the suspension was centrifuged at
3600 r/min for 10 minutes in a centrifuge, and the content of
Al, Fe, and Si in supernatant solution was tested with inductively coupled plasma (ICP, Optima 4300 DV, made by
Perkin Elmer Ltd., USA) emission spectrometer. Based on
these results, the eﬀect of TIPA on the dissolution of FA was
investigated.
In addition, the solid was dried in a vacuum drier with
the temperature of 60 ± 5°C, and then the surﬁcial morphology of the FA was characterized with ﬁeld emission
scanning electron microscope (SEM).
2.2.4. Hydration Heat. TIPA (0–0.10 wt.% of cement-FA
binder) and NaCl (1.11 wt.% of cement-FA binder) were

added into water in advance, and then the solution and
cement-FA (30% FA and 70% cement) were mixed together
with a water/binder ratio of 0.5. Hydration heat was obtained with an isothermal calorimetry (TAM AIR, C80,
SETARAM, France).
2.2.5. Phase Analysis. The eﬀect of TIPA on hydration
products was investigated with scanning electron microscope
(SEM), thermogravimetric analysis (TGA), solid-state nuclear
magnetic resonance (NMR), and X-ray diﬀraction (XRD).
(1) XRD. XRD data were collected with an X-ray diﬀractometer (XRD, D/Max-RB) (Cu Kα radiation) at room
temperature (2θ � 5–70°, step 0.03° with 3 s/point).
(2) SEM. Field emission scanning electron microscope (FESEM, QUANTA FEG 450, FEI Co, USA) was used for SEM
microstructural characterization.
(3) TG-DTG. TGA was conducted with the comprehensive
thermal analyzer (German-resistant STA449F3). The heating rate was 10°C/min, using nitrogen as purging gas, and
the temperature ranged from the room temperature to 1000°C.
CH was decomposed at the temperature ranging from 400 to
500°C, and calcium carbonate resulting from the carbonation
of CH in the process of preparing the samples was decomposed
at 500–750°C, as shown in the following equation [23]:
Ca(OH)2 ⟶ CaO + H2 O
CaCO3 ⟶ CaO + CO2

(3)

The total content of CH in hydration products can be
calculated as follow:
74 × MH2 O 74 × MCO2
(4)
+
.
MCa(OH)2 �
18
44
where MCa(OH)2 : the mass of calcium hydroxide; MH2 O: at
400–500°C, the weight loss resulting from water; and MCO2 : at
500–750°C, the weight loss resulting from carbon dioxide.
Additionally, the weight loss at the temperature range
from 50 to 200°C, due to evaporation of free water, dehydration of C-S-H gel, decomposition of ettringite (AFt),
and dehydration of FS, is of great interest. To be more
precise, the ﬁrst peak at the low temperature is related to the
evaporation of free water and dehydration of C-S-H gel, and
the second peak with higher temperature is involved in
evaporation of free water, dehydration of C-S-H gel, and
decomposition of AFt; the third one is about dehydration of
FS [29]. Such results can provide supplementary evidence to
illustrate the eﬀect of TIPA on the formation of FS.
(4) NMR. To further verify the eﬀect of TIPA on hydration of
cement-FA paste, the hydration products were characterized
with 29Si MAS NMR. As reported in the literatures [30], six
peaks can be found in NMR spectrum of hydrated cementFA paste; Q1 (chain-end groups), Q2 (middle-chain groups),
and Q2 (1Al) (middle-chain groups where one of the adjacent tetrahedral sites is occupied by Al3+) represent the
Si-O tetrahedron in hydration products; and Q0 represents
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MCL 

2I Q1  + 2I Q2  + 3IQ2 (Al)
,
Q1

Al
0.5IQ2 (Al)

.
1
Si {I(Q ) + I(Q2 ) + I[Q2 (Al)]}

(5)

Reaction degree of FA and cement was also calculated as
follows:
AFA (%) 

1 − I Q3 + Q4 
,
I0 (Q3 + Q4 )

1 − I Q0 
AC (%) 
,
I 0 (Q 0 )

(6)

where I(Q0 ), I(Q1 ), I(Q2 ), and I[Q2 (Al)] represent the
integrated intensities of signals Q0 , Q1 , Q2 , and Q2 (Al) in
hydrated cement-FA paste, respectively; I0 (Q0 ), I0 (Q3 ), and
I0 (Q4 ) represent the integrated intensities of signals Q0 , Q3 ,
and Q4 in unhydrated cement-FA mixture.

60
55
Chloride-binding rate (%)

the Si-O tetrahedron in unhydrated cement minerals, and
Q3 and Q4 represent the Si-O tetrahedron in FA. Due to
different chemical surroundings of Si sites in cementitious
materials, the polymerization degree of Si-O tetrahedron
and Al/Si ratios in C-S-H can be evaluated.
29
Si-NMR (solid-state nuclear magnetic resonance) was
conducted with a Bruker Advance III400 spectrometer
operating at 79.5 MHz. The rotation frequency was 5 kHz
and the delay time was 10 s. Tetramethylsilane was used as
a standard for 29Si. The data were processed with commercial
solid-state NMR software package. It was firstly fitted, and
then the phasing and baseline were corrected, followed by
subsequently iterative fitting. During the deconvolution of
29
Si-NMR spectra, the peak shapes were constrained with the
Gaussian function. The main chain length (MCL) of C-S-H
gel and the ratio of Si in C-S-H substituted by Al were calculated as follows [31]:

122.8%

50
45

108.8%

111.1%

100%

40
35
30

0.00

0.03
0.06
TIPA content (wt.%)

0.10

Figure 2: Effect of TIPA on the chloride-binding rate of 60 d.

of CH, which can induce the pozzolanic reaction of FA [32].
On the other hand, the addition of TIPA can also hasten the
dissolution of FA, and in this case, the more amounts of
aluminum would exist in the liquid phase and participate in
hydration. Most likely more amounts of FS or KS could be
formed [33].
Additionally, physical adsorption of chloride resulting
from C-S-H gel can also contribute to chloride immobilization. With addition of TIPA, formation of C-S-H gel can
be promoted, and more amount of C-S-H gel can exert
stronger ability to adsorb and wrap chloride ions.
Based on discussion above, the improvement in CBR of
the cement-FA system with addition of TIPA at 60 d age is
closely related to the hydration of the system and the formation of FS and KS, which would be further illustrated in
the following text.
3.2. Analysis of Hydration Products. To verify the contribution of FS or KS to CBR, the hydration products were
characterized with XRD, TG, and SEM.

3. Results and Discussion
3.1. Chloride Solidification. The effect of TIPA on the CBR of
cement-FA paste cured for 60 days was examined, and the
results are shown in Figure 2. As can be seen from the figure,
in comparison with the reference (i.e., without TIPA), CBR
at the age of 60 days is increased with addition of TIPA; with
the dosage of 0.06%, CBR reaches 48.40%, with an increase
of 11.1%; when the dosage is further increased to 0.10%, CBR
increases to 53.47%, with an increase of 22.8%.
The binding of chlorine ions in the cement-FA system
can be divided into chemical binding and physical adsorption. It can be inferred that addition of TIPA probably
hastens the hydration of cement-FA system. On the one
hand, the addition of TIPA can accelerate the dissolution of
the ferric phase in cement minerals, which in most cases
exists on the surface of the mineral particles due to the lower
melting point. Accordingly, the dissolution of other phase
can also be hastened, resulting in formation of more amount

3.2.1. XRD. Cement-FA paste hydrated for 60 days with
addition of TIPA (0.06%) was discussed with XRD, and the
results are shown in Figure 3. As can be seen from the figure,
the peaks of CH, AFm, AFt, and FS can be observed obviously. By contrast, the addition of TIPA increases the peak
intensity of AFt and FS and reduces the intensity of AFm.
This result indicates that TIPA can hasten the formation of
AFt and FS at 60 d age.
3.2.2. TG-DTG. The mass loss curve of the sample is shown
in Figure 4(a). As it can be seen from the TGA curve, the
mass loss at the temperature range from 0 to 400°C is
related to the loss of free water, decomposition of C-S-H
gel, hydrated calcium sulphoaluminate and FS; that for
400–500°C is involved in the decomposition of CH; and
that for 500–750°C is due to the decomposition of carbon

Advances in Materials Science and Engineering

5

Friedel’s salt
Δ
0.06% TIPA

AFt
AFm

Blank

20

10

30

40
2θ (degree)

50

60

70

9.0

9.5

10.0

10.5
2θ (degree)

11.0

11.5

C-FA
C-FA + 0.06% TIPA

Friedel’s salt
Ca(OH)2
AFt

Δ

(a)

(b)

Figure 3: XRD patterns of cement-FA paste hydrated at 60 days.
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Figure 4: TG-DTG curve of the paste hydrated for 60 d. (a) TG; (b) DTG.

dioxide which was formed in the process of preparing for
the samples [34].
The weight loss at the temperature from 50 to 200°C,
mainly resulting from evaporation of free water and the decomposition of hydrate (C-S-H gel, AFt and FS), shows great
interest. As reported in the literatures [35], FS would be
decomposed at the temperature range of about 160°C. It is
noticed that in Figure 4(b), the absorption peak, resulting from
decomposition of FS, is obviously increased with addition of
TIPA (0.06%), indicating more amount of FS. This result
provides supplementary evidence to prove that TIPA can
facilitate formation of FS, in agreement with the XRD results.

Table 2: Calcium hydroxide content in the cement-FA system
(wt.%).
Temperature range (°C)
400–500°C
500–750°C
CH content

Blank
2.66
4.14
17.89

0.06% TIPA
2.55
4.29
17.69

However, the amount of CH in hydration products
attracts more interest. As shown in Table 2, for 60 d age, the
amount of CH in blank (without TIPA) is greater than that
with addition of TIPA. This result indicates that TIPA can
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Figure 5: Effect of TIPA on compressive strength of 60 d.
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Figure 6: Hydration heat of cement-FA paste with TIPA. (a) Heat flow; (b) hydration heat.

reduce the amount of CH in hydration products at 60 d age.
The amount of CH depends on the cement hydration and
pozzolanic reaction of FA. Greater degree of cement hydration would generate more amount of CH, and greater
degree of pozzolanic reaction of FA would consume more
amount of CH. In comparison with the blank, the predominant aspect would determine the relative amount of
CH. Obviously, the acceleration of the FA, namely, consumption of CH, should be predominated. This implies that
TIPA can significantly hasten the pozzolanic reaction of FA.
Based on discussion above, pozzolanic reaction of FA
and formation of FS can be hastened with addition of TIPA,
and the improvement in CBR is mainly because of the
accelerated formation of FS in hydrates, which would be
closely related to the hydration process.

3.3. Hydration Process
3.3.1. Compressive Strength. To further verify the effect of
TIPA on hydration of cement-FA paste, the compressive
strength was examined, and the results are shown in Figure 5.
As can be seen from the figure, the compressive strength at the
age of 60 days increases with the increasing dosage of TIPA.
Compared with the sample without TIPA, 0.03% TIPA increases the strength by 15.5%; with the dosage of 0.10%, the
strength reaches 77.8 MPa, with an increase by 34.4%. The increased strength implies that TIPA can also accelerate the hydration of the cement-FA system.
3.3.2. Hydration Heat. As reported in the literatures, the
hydration of cement-FA includes the initial reaction,
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Figure 7: 29Si-NMR spectrum of cement-FA paste. (a) Unhydrated C-FA; (b) C-FA hydrated for 60 d; (c) C-FA with 0.06% TIPA hydrated for 60 d.

a period of slow reaction, an acceleration period, and
a deceleration period, as described by Taylor [36]. As shown
in Figure 6(a), the addition of TIPA cannot change these
four steps but can accelerate the release of hydration heat,
indicating that TIPA can hasten the hydration of the
cement-FA system. This can also be confirmed in Figure 6(b)
that the cumulated heat is increased with addition of TIPA.
Furthermore, it is noticed that the extra peak at about
30 h can be seen clearly with addition of TIPA. As reported,
the effect of TIPA on cement hydration can be divided into
three phases: (1) adsorb on the surface of cement particles
and slightly delay the hydration; (2) hasten the dissolution of
ions, especially the ferric ion, to accelerate the formation of
AFt; and (3) facilitate the conversion of AFt to AFm [37, 38].
It can be inferred that the extra peak should be related to that
conversion. The reason can be revealed that at the very
beginning of the hydration, AFt should be formed because of
the much faster dissolution speed of gypsum to provide
enough sulfates, with lower Al/S ratio. While with time
going on, more amount of aluminum can increase the Al/S
ratio, resulting in conversion of AFt to AFm. In cement-FA

paste with TIPA, the dissolution of aluminum in FA would
be hastened, and the Al/S ratio would be much higher than
that without TIPA. In this case, the conversion of AFt to
AFm can be facilitated:
3CaO · Al2 O3 · CaSO4 · 12H2 O(AFm) + 2Cl− ⟶

3CaO · Al2 O3 · CaCl2 · 10H2 O(Fs) + SO42− + 2H2 O

(7)

According to results in the literatures [14, 39], AFm can
combine with chloride ions to form FS, and in cement-FA
paste with TIPA, the conversion of AFt to AFm can be
facilitated, which can further hasten the formation of FS.
3.3.3. 29Si-NMR. The deconvoluted 29Si MAS NMR spectra
of the samples obtained from the fitting are plotted in
Figure 7; reaction ratio, MCL, and Al/Si ratio were calculated, and the results are shown in Table 3. As shown in
Figure 7, Q0, Q1, Q2 (1Al), Q2, Q3, and Q4 can be seen clearly.
In comparison with the unhydrated C-FA (as shown in
Figure 7(a)), the increase in peak intensity of Q1, Q2 (1Al),
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Table 3: Deconvolution results of the sample.

Unhydrated C-FA
C-FA
C-FA with 0.6% TIPA

Q0

Q1

Q2 (1Al)

Q2

Q3＋Q4

MCL

Al/Si

62.27
19.86
16.00

—
24.20
21.77

—
9.86
18.00

—
22.00
22.34

37.73
24.08
21.89

—
5.04
6.53

—
0.0879
0.1449

Reaction ratio
of cement (%)
—
68.11
74.31

Reaction ratio
of ﬂy ash (%)
—
36.18
41.98

Figure 8: SEM images of the paste hydrated for 60 d.

and Q2 can be found, and the decline in Q0, Q3, and Q4 can
also be observed. These results illustrate the hydration of
cement and the pozzolanic reaction of FA. More details can
be found in Table 3: in comparison with the blank sample,
0.06% TIPA obviously reduces the amount of Q0 and slightly
declines the amount of Q3＋Q4; this result demonstrates that
TIPA can promote the cement hydration as well as the
pozzolanic reaction of FA; by contrast, this promoting eﬀect
on cement hydration is much stronger than that of FA.
Furthermore, C-FA has a MCL of 5.04, while that for C-FATIPA (0.06%), it was 6.53, which indicates that the addition
of TIPA can increase the degree of silicate polymerization;
this can also show that a higher degree of hydration has
occurred. Moreover, the Al/Si ratio is also increased with
0.06% TIPA, in comparison with blank paste (C-FA). This
increase deﬁnitely conﬁrms that the incorporation of TIPA
into the cement-FA system induces the substitution of Si by
Al (Al [4]) into C-S-H, resulting in an increase in the length
of silicate chain of C-S-H, in agreement with the results of
MCL. Additionally, the reaction degree of cement without
TIPA is 68.11%, while that for addition of TIPA (0.06%), it is
74.31%, which indicates the accelerated hydration of cement
by TIPA. The same results can also be found in FA: the
reaction degree of FA is increased from 36.18% to 41.98%
with 0.06% TIPA.
According to the analysis of NMR, the addition of TIPA
not only hastens the hydration of cement but also accelerates
the pozzolanic reaction of FA, and it also increases the
degree of silicate polymerization, the length of C-S-H, and
substitution of Si by Al, with contribution to the mechanical
performance. This also hastens the dissolution of aluminum
of FA into liquid phase.
3.3.4. SEM. Figure 8 shows the SEM images of the paste
hydrated for 60 d in the presence and absence of TIPA.

As shown in Figure 8, more serious erosion can be seen
clearly in Figure 8(b) than that in Figure 8(a), which implies
that the addition of TIPA can hasten pozzolanic reaction of FA.
Based on the discussion of hydration heat, NMR, SEM,
and compressive strength, it is concluded that TIPA can
accelerate the pozzolanic reaction of FA and hydration of
cement minerals at the age of 60 d.

3.4. Dissolution of Fly Ash
3.4.1. Ions Dissolution. The accelerated hydration of FA by
TIPA has been conﬁrmed above, and the mechanism behind
this is closely related to the dissolution of ions from FA into
liquid. Accordingly, the reaction of FA in pore solution with
various dosages of TIPA was investigated to further reveal
the reason for the accelerated hydration of FA by TIPA.
The eﬀect of TIPA on dissolution of FA in pore solution
is shown in Figure 9. As shown in the ﬁgure, the dissolution
of aluminum ions, ferric ions, and silicon ions was increased
with the increasing dosage of TIPA, indicating that TIPA in
pore solution can signiﬁcantly hasten the dissolution of FA.
TIPA (20 g/L) can make the aluminum ions about 2.5 times
and silicate ions about 2 times of the blank (without TIPA) at
the age of 60 days. Furthermore, as shown in Figure 9(b),
very little amount of Fe can be found without TIPA, which
implies that ferric in FA is not that easy to be dissolved into
pore solution in hydration process. However, with addition
of TIPA, surprisingly, the dissolution of ferric ions was
considerably hastened, in agreement with the results in the
literatures [40, 41].
The morphology of FA was observed with SEM, as
a supplementary evidence to prove the dissolution of ions of
FA in pore solution. As shown in Figure 10(a), at the age of
60 d, the erosion of FA in the pore solution can be seen
clearly, and the amount of ﬂocculent reaction products on
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Figure 9: Ions dissolution of FA in the pore solution with TIPA at the age of 60 days. (a) Al; (b) Fe; (c) Si.

Figure 10: Morphology of FA immersed in pore solution for 60 days.

the surface can also be found. By contrast, as shown in
Figure 10(b), with TIPA solution (20 g/L), the erosion of the
surface is more seriously, indicating that dissolution of FA
can be hastened at the age of 60 d, in agreement with the
results of ions dissolution.
Based on the discussion above, the promoted ions dissolution of FA into the liquid phase by addition of TIPA can

be concluded, and this can benefit the improvement in CBR
of the cement-FA system. The details for the reason can be
summarized as follow:
On the one hand, the promotion of TIPA on cement
hydration has been confirmed, which can generate more
amount of CH to activate the pozzolanic reaction of FA, which
means that the dissolution of FA can be hastened. On the other
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hand, the addition of TIPA can also accelerate dissolution of Al
into the pore solution. As a result, the addition of TIPA can
signiﬁcantly accelerate the dissolution of FA into the liquid
phase, especially the dissolution of aluminum. Furthermore,
the aluminum dissolved from FA can participate in the formation of C-S-H gel as C-A-S-H gel and also increase the Al/S
ratio to induce the formation of AFm from AFt. AFm can react
with chloride to form FS. Additionally, the excessive can also be
directly reacted with calcium and chloride to generate FS.
Consequently, the formation of FS can be hastened, and the
CBR of the cement-FA system can be improved.

4. Conclusion
(1) Addition of TIPA in the cement-FA system can not
only hasten the hydration of cement minerals but
also accelerate the pozzolanic reaction of FA, with
contribution to the mechanical performance.
(2) The FS can also be accelerated with addition of TIPA
at the age of 60 d, which is responsible for the improved chloride-binding capacity of the system.
(3) Dissolution of aluminum, silicate, and ferric in FA
can be hastened with addition of TIPA, which attributes to the increased amount of FS and C-A-S-H
gel in hydration products.
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