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a b s t r a c t
The present study investigates the working principle upon the accelerating-retarding effect of triethanolamine dosage on the initial setting time of hydrated cement. We have conducted atomistic simulation to probe the molecular interactions between triethanolamine and dissolved ions of hydrated
cement and have performed experiment to examine the effect of triethanolamine upon cement hydration. It is found that the accelerating-retarding effect of triethanolamine on the initial setting time is
caused by the different intensity of formed ettringite, which is governed by the triethanolamine dosage.
This finding provides the piece of insight information on the roles of triethanolamine and ettringite formation upon the initial setting time.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
In applications of cement based materials, initial setting time is
the main parameter governing the operation schedule for transporting, placing, consolidating and finishing processes of concrete
[1–3]. Initial setting time which is beyond the specification can
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jeopardize the workability for proper placing and the progress of
construction schedule. Control over the initial setting time starts
from the cement production process. During this process, the sample of cement is taken frequently for finding the initial setting time.
The standard test method ASTM C191 is adopted by most cement
producing plants to determine the initial setting time. The most
viable approach to control initial setting time is to incorporate
chemical additive into cement during the comminution process.
There are numerous selections in the market for the chemical
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additive that can be incorporated into cement based materials to
influence setting time. The chemical additive can be grouped based
on the typical applications, i.e., normal [4], shotcrete [5,6] and
cement comminution process [7,8]. Normally, those accelerators
are used to shorten the setting time. In shotcrete and cement comminution process, the accelerator family is designed with additional features to enhance adhesiveness and cohesiveness (e.g. to
reduce shotcrete rebound) and to improve the comminution efficiency respectively. The accelerator, which is alkali and chloride
free, is preferable. Alkali can cause health issue and chloride
induces corrosion in steel reinforcement [9,10]. We arrange the
accelerator family with the chemical examples, as presented in
Table 1 [11–13].
Triethanolamine (TEA) is the main chemical used as cement
additive with multi functions as grinding aid during cement comminution process and setting time regulator for cement hydrations. This couple function is the main advantage from using TEA
in addition to the relatively small dosage as well as the alkali
and chloride free features. A unique characteristic of TEA is that
it can either accelerate or retard cement hydration toward initial
setting time depending on the dosage used [14–17]. TEA is respectively identified as light accelerator, retarder and strong accelerator in the typical magnitudes of dosages 200 ppm, 5000 ppm and
10,000 ppm [18–20].
Research studies have been performed to examine the effects of
TEA on hydration of cement. Strong accelerating effect on initial
setting time caused by relatively high dosages of TEA has been discussed and ascribed to ettringite formation during accelerated tricalcium aluminate (C3A, 3CaO∙Al2O3) hydration [20]. The studies
involving dosages between 1000 ppm and 10,000 ppm show that
TEA accelerates the hydration of C3A as well as the formation of
ettringite in the C3A-gypsum-water system but retards C3S hydration [21–23]. The presence of C3A, either alone or along with gypsum, largely eliminate the retarding effect on C3S hydration [23]. It
means that TEA mainly influences C3A during cement hydration in
which C3A and gypsum exist. Studies at molecular levels shows
that TEA interacts with metal ions (e.g. Fe3+, Al3+ and Ca2+) in the
pore solution of hydrated cement [24–26]. The chelating metal
ions (Fe3+ and Al3+) by TEA possibly cause the accelerated C3A
hydration. TEA chelates calcium ions (Ca2+) and changes the morphology of formed portlandite. The chelation mechanism of amino
alcohols such as TEA with metal ions is based on complexation
reaction, wherein amino alcohols act as an electron pair donor
[27,28]. It is noticed that TEA chelates different types of metal ions
appearing at different stages of cement hydration. Apart from the
understanding upon the chelating effects of TEA with metal ions
dissolved from cement hydration, the working principle of TEA to
control initial setting time is still not fully understood. More specifically, the working principle regarding light acceleration and retar-

Table 1
Setting time accelerating chemical additive.
Typical
application

Family

Examples of chemical

Dosage
range
(bwc)

Normal

Chloride
Chloride
free

Calcium chloride
Calcium nitrate, lithium
salts, calcium formate

2%
0.5–6%

Shotcrete

Alkaline

Aluminate bases, sodium
silicate
Aluminum sulfate

2–4%

TEA

Up to 0.5%
(5000 ppm)

Alkalinefree
Cement
comminution

Cement
grinding
aid

5–11%
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dation effects of TEA dosages on initial setting time are still
missing. This working principle can provide the essential information for optimizing the use of TEA to control initial setting time.
The aim of present study is to gain a comprehensive insight of
TEA in regulating the initial setting time of hydrated cement. In
particular, this study provides the working principle for the
accelerating-retarding effects toward the initial setting time of
cement hydration in the presence of TEA. Noteworthy, the found
working principle provides the information on the technique to
control the cement hydration toward the initial setting time.
The scope of the present study is the examination of cement
hydration with respect to the effect of TEA with different dosages
on initial setting time. Herein, we involve both experiments and
atomistic simulation. On one hand, we firstly performed the tests
to find accelerating and retarding effects of TEA dosages on initial
setting time of hydrated cement. Subsequently, exothermic temperature of hydrated cement was monitored to examine the variation in cement hydration with different dosages of TEA. Next,
examination on the change in dissolution and precipitation of
hydrated cement with TEA was investigated through Fourier transform infrared (FTIR) and thermogravimetric analysis (TGA). On the
other hand, atomistic simulation is conducted to probe the interactions between TEA molecules with dissolved ions of hydrated
cement. Finally, based on the results from experiments and atomistic simulation, we discover the working principle for the effects of
TEA dosages on the initial setting time.
2. Experiments
2.1. Materials
Materials used in this study were ASTM C150 type 1 cement,
distilled water and TEA solution 85% produced by Horizon Chemical Company Limited. ASTM C204 fineness of cement is 349 m2/kg
as obtained from manufacturer specification and no additive was
used. The cement used for all the tests was taken from the same
commercial 45 kg bag to minimize the variation of cement. The
content of calcium silicates is 77% for this cement with the main
chemical composition is shown in Table 2.
2.2. Methods
Mixing of cement paste followed the procedure of ASTM C187.
The composition of cement paste in all specimens was cement
650 g and water 160 g which met the normal consistency as
defined in ASTM C187. TEA dosages of specimens were 50 ppm,
100 ppm, 200 ppm, 1000 ppm, 2000 ppm, 3000 ppm and
4000 ppm by weight of cement. A lower concentration in the
dosage range (i.e. 50 ppm–4000 ppm) was initially chosen based
on the reported dosage in literature for CGA and we simultaneously increased the dosage to cover the accelerating-retarding
effects of cement on the initial setting [29]. In order to incorporate
TEA into specimens, TEA solution 85% was first diluted into TEA
solution 10% for more accurate weighing. Afterward, TEA solution
10% was put into the mixing water of each cement paste with its
specified TEA dosage. The water in TEA solution was accounted
to make the total amount of water in each specimen to be 160 g.
Balance with accuracy ±0.01 g was used to weigh TEA. This accuracy gave the maximum error 2 ppm of TEA dosage (in the range
50 ppm–4000 ppm) incorporated into the cement paste.
Test on initial setting time followed the procedure in ASTM
C191. This test aimed to select the specimen that represented the
hydrated cement with lightly accelerated, retarded and strongly
accelerated initial setting time. Over the selected specimens,
exothermic temperature, FTIR and TGA tests were performed.
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Table 2
Main chemical composition of cement used in present study, ASTM C150 type 1 with ASTM C204 fineness 349 m2/kg.
Chemical

CaO

SiO2

Al2O3

Fe2O3

MgO

Percentage

65.7%

21.6%

5.6%

3.2%

2.0%

The exothermic reaction of cement hydration was followed by
measuring the temperature change of cement hydration as the
same approach was used in the previous study [16]. The temperature measurement of the cement paste was measured with thermocouple connected to a real-time data logger and was started
within 15 s after mixing. This temperature measurement was performed for 600 min after mixing to cover acceleration period of
cement hydration with various TEA dosages. Then, FTIR spectrum
was acquired utilizing Bruker Tensor 27 FTIR Spectrometer. First
spectrum of each specimen was obtained as early as 15 min after
mixing the cement paste. Attenuated total reflectance (ATR) was
used that allowed the FTIR analysis to run without prior sample
preparations. Next, TGA was performed using thermal analyzer at
the initial setting time of each specimen. The heating rate was
10 °C min1 when the temperature was between 40 °C and
1000 °C. The flow rate of argon was 100 ml min1 and the sample
mass was 20 mg. The ambient temperature in which the materials
stored and the tests performed was 21.0 ± 0.5 °C.
2.3. Specimen nomenclature
Throughout the present study, the nomenclature for specimen
of cement paste is in the form of abbreviation of cement paste
(CP) and the respective TEA dosage in ppm by weight of cement,
i.e. CP-50, CP-100, CP-200, CP-1000, CP-2000, CP-3000 and CP4000.

The feasibility for spontaneous reaction of Eq. (4) can be evaluated according to electronic structures as well as the total energy
difference between the two sides. DFT calculations are performed
to calculate the potential energy of each component with the
NWChem code [43]. Geometry optimization and energy calculation
are performed using B3LYP functional with the basis set 6-31G⁄
[44–48]. Solvation effects are simulated with the COSMO model
[49,50]. Initial structures of TEA and TEA-Al are obtained from
the existing studies [41,42]. Initial structure of aluminate aqueous
anion is based on a tetrahedral structure with Al-O distance of
1.792 Å [51]. Output information include the molecular orbitals
and total energy of individual molecule involved in Eq. (4). A good
agreement is observed between the optimized molecular structures obtained from our calculations and existing studies [41,42].
4. Results and discussions
Firstly, accelerated C3A hydration and ettringite formation with
TEA are discussed based on the result of atomistic simulation.
Then, we describe how the behavior of hydrated cement changes
with different TEA dosages from the experimental perspective
and we focus on four aspects, namely (1) initial setting time, (2)
temperature evolution curve, (3) FTIR spectrum and (4) TGA curve.
At the end of this section, the working principle of TEA effects on
the initial setting time of hydrated cement is discussed.
4.1. Atomistic simulation on C3A hydration with TEA

3. Atomistic simulation
Atomistic simulation techniques are powerful to probe cement
hydration at the nanoscale [30–37]. Among them, the ab initio
approach is appropriately useful to predict chemical reactions
based on the electronic configurations of reactants. Here, we
employ density functional theory (DFT) to evaluate the interaction
between dissolved C3A and TEA. We refer to literally available
knowledges on dissolution of C3A and perform a series of atomistic
simulations to examine the C3A hydration with TEA.
At the beginning of cement hydration, complex chemical reactions occur, mainly involving C3A and gypsum. Gypsum releases

Ca2+ and SO2
4 following Eq. (1) [38,39]. C3A releases Al(OH)4 and

OH following the reaction in Eq. (2). After chemical reactions,
the dissolved ions from gypsum and C3A precipitate to form ettringite following Eq. (3). Ettringite has chemical formula Ca6Al2(SO4)3(OH)1226H2O [40].

3CaSO4  2H2 O þ 1:5OH ! 1:5Ca2þ þ 1:5CaðOHÞ2þ þ 3SO2
4
þ 2H2 O
C3 A þ 6H2 O ! 2AlðOHÞ4 þ 8OH þ 3Ca2þ

ð1Þ
ð2Þ


3Ca2þ þ 3CaOHþ þ 2AlðOHÞ4 þ 3SO2
4 þ 2:5OH þ 26H2 O

! Ettringite þ 1:5OH

ð3Þ

It is inferred that the Al(OH)
4 can react with TEA to form TEA-Al
complex (OH)Al(OCH2CH2)3N following Eq. (4) [41,42], where the
chemical formula (HOCH2CH2)3N refers to TEA.

ðHOCH2 CH2 Þ3 N þ AlðOHÞ4 ! ðHOÞAlðOCH2 CH2 Þ3 N þ 3H2 O

ð4Þ

The DFT calculations reveal the electron structures of the reactants and compute the energy difference for evaluating the spontaneity of the chemical reaction in Eq. (4). The highest occupied
molecular orbital (HOMO) of aluminate aqueous anion and the
lowest unoccupied molecular orbital (LUMO) of TEA are plotted
in Fig. 1a and b, respectively. The HOMO of Al(OH)
4 shows three
dense electronic clouds located around the oxygen atoms, indicating that Al(OH)
4 can act as nucleophiles. Meanwhile, the LUMO of
TEA shows dense electronic clouds capping over the distal hydrogen atoms and the middle nitrogen atom, implying the electrophilic sites. Successively, the HOMO in Al(OH)
4 and LUMO in
TEA are likely to overlap forming a TEA-Al complex as shown in
Fig. 1c.
The total energy of each component in chemical reaction in Eq.
(4) is listed in Table 3. The difference in total DFT energy between
two sides of reactions in Eq. (4) is 7.5 kcal/mol, with the energy
lower at the products side of the reaction. This result indicates that
the chemical reaction in Eq. (4) can spontaneously occur in a sys
tem containing TEA and Al(OH)
4 to form (HO)Al(OCH2CH2)3N .
Eq. (4) gives additional chemical reaction that consumes the
dissolved Al(OH)
4 ions from C3A hydration. This process implies
the working principle of accelerated C3A hydration. In Eq. (4)
dosage of TEA acts as the limiting reactant, meaning that the ettringites are must formed in two distinct conditions differentiated
based on the availability of TEA. The first condition is when TEA
available. The second condition is in the period when all TEA are
consumed. Through the following discussions the ettringites
formed under first and second conditions are accordingly named
TEA-ettringite and normal ettringite. The influences of TEA make
TEA-ettringite formations faster than those of normal-ettringite
[21].
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Fig. 2. Initial setting time as determined per ASTM C191 of ASTM C150 type 1
cement pastes with different dosages of TEA. Specimens CP-50, CP-200, CP-2000
and CP-4000 are selected to represent the cement paste experiencing the initial
setting time to be lightly accelerated, retarded and strongly accelerated,
respectively.

Fig. 1. (a) HOMO of Al(OH)
4 . (b) LUMO of (HOCH2CH2)3N. (c) The structure of (HO)
Al(OCH2CH2)3N. The red and blue isosurfaces indicate positive and negative
values, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
The total DFT energy of each component in chemical reaction Eq. (4).
Component

Total DFT energy (kcal/mol)

(HOCH2CH2)3N
Al(OH)
4
(HO)Al(OCH2CH2)3N
H2O

325077.3
342677.0
523889.7
143872.1

4.2. Initial setting time
The same trend for the effects of TEA dosages on initial setting
time are found from previous studies [16,17,20]. This trend shows
accelerating effect occur at relatively low and high dosages of TEA
and in between these dosages retarding effect is observed. We confirm the trend on such effects of TEA dosages as shown in Fig. 2.
The accelerating-retarding effects on initial setting time are
observed in TEA dosage range 50 ppm–4000 ppm. Initial setting
times of specimens CP-50 is lightly accelerated, CP-100, CP-200
and CP-1000 are retarded, and CP-2000, CP-3000 and CP-4000
are strongly accelerated, relatively to initial setting time of CP-0.
In accordance to the objective of present study, five specimens
CP-0, CP-50, CP-1000, CP-2000 and CP-4000 were selected for further examination on their cement hydration. Specimen CP-0 was
regarded as control. The other four specimens were used to study
the effects of TEA dosages on cement hydration where initial setting time is lightly accelerated (i.e. CP-50), retarded (i.e. CP-1000)
and strongly accelerated (i.e. CP-2000 and CP-4000).

4.3. Exothermic temperature
Measurement on exothermic temperature on specimens CP-0,
CP-50, CP-200, CP-2000 and CP-4000 was performed to examine

the change in reaction of cement hydration with TEA. The results
are shown in Fig. 3.
In ordinary cement represented by specimen CP-0, the initial
setting time occurs at early acceleration period which the start of
it is defined by the length of induction period (period of slow reaction) [52] as shown from temperature evolution curve in Fig. 3a.
During the induction period, the hydration of all the clinker minerals progresses relatively very slowly compared to fast hydration
during preexisting induction and following acceleration periods
[53]. The first and second peaks in the curves of exothermic temperatures are respectively related to the hydrations of C3A and
C3S phases. The induction period in cement hydration is attributed
to C3S hydration. The most possible explanations for the existence
of induction period are inhibiting layer theory and ‘‘geochemical”
theory of dissolution [54–57]. Inhibiting layer theory states the
rapid formation of a continuous thin metastable layer of calcium
silicate hydrate that effectively passivates the C3S surface layer,
restricting its access to water and detaching ions away from the
surface [58–60]. Recently, it is found that the ‘‘geochemical” theory
of dissolution has more coincidences with experimental evidences
over the inhibiting layer theory [61]. The dissolution theory states
that the degree of under saturation in the solution simply governs
the dissolution rate of C3S. According to dissolution theory, induction period occurs due to the reach of critical degree of under saturation that dramatically slows down the rate of C3S dissolution.
The dramatically slowing dissolution rate of C3S appears when
the degree of under saturation is in several orders of magnitude
from the equilibrium solubility. Beyond the end of induction period, which is the start of acceleration period, oriented C-S-H
‘‘needles” starts to grow on the original cement grains. Eventually,
dense inner product of C-S-H start grows in between the preformed C-S-H ‘‘needles” and original cement grain [62]. C-S-H most
likely only precipitates in an area close to the surface of C3S defined
as reaction zone [63]. Both theories can explain the growth of C-SH at the start of acceleration period [64]. As mentioned earlier, the
first peak in exothermic temperature curve of cement hydration is
attributed to C3A hydration. In cement hydration, C3A hydrates
with the presence of calcium sulfate to form ettringite [61]. At
early age of cement hydration, both C-S-H and ettringite precipitates are observed by scanning electron microscopy to deposit on
the surface of unhydrated cement grains [65].
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Fig. 3. Exothermic Temperature of hydrated cement measured up to 600 min after the start of mixing as per ASTM C187. (a) Ordinary cement. The arrows show the time of
initial setting and the starts of induction, acceleration and deceleration periods of cement hydration. (b) Cements with TEA as relative to ordinary cement.

TEA changes the cement hydration as can be observed from the
curves of exothermic temperatures in Fig. 3b. In specimen CP-50,
the length of induction period is shortened and the start of acceleration period appears slightly earlier. Conversely, the occurrences
of these two periods, accordingly, are lengthened and delayed in
specimens CP-200, CP-2000 and CP-4000. Further observed distinctions, initial setting times of specimens CP-2000 and CP-4000
do not occur during the early start of acceleration as perceived in
specimen CP-0, CP-50 and CP-200. Initial setting times of specimens CP-2000 and CP-4000 occur prior to starts of acceleration
periods.
The intense first peak in exothermic temperature curves and the
fast initial settings of specimens CP-2000 and CP-4000 are similar
to the concept of ‘‘flash setting”. Flash setting refers to a special
setting behavior in which aluminate hydrates are formed rapidly
and silicate phase hydration is retarded [25]. Improper amount of
calcium sulfate causes flash setting in hydrated cement. Gypsum is
the most used source of calcium sulfate. The normal initial setting
of specimen CP-0 indicates the cement in present study has proper
amount of calcium sulfate. Therefore, it is confirmed that the accelerating effect in specimens CP-2000 and CP-4000 is caused by TEA
and is not due to improper amount of calcium sulfate.
4.4. Fourier transform infrared
FTIR was utilized to investigate the insight changes in the precipitation of cement hydration process with TEA. FTIR spectrums
of non-hydrated cement particles, distilled water and TEA solutions with 10% and 85% concentrations are shown in Fig. 4a. In
the spectrum of non-hydrated cement, absorption bands
920 cm1 and 1150 cm1 correspondingly associate with silicate,
sulfate and carbonate [66–69]. In spectrums of distilled water,
hydrated cement and TEA solution 10% the band is observed at
3300 cm1, 2200 cm1 and 1700 cm1. These bands are caused
by water molecule [70,71]. In spectrum of TEA solution 85%, the
very intense band appears at 1030 cm1. The other bands at
1120 cm1 and 1200 cm1 correspond to N-C stretch in N-CH2
and C-C stretch in CH2-CH2, respectively [72]. The band at
2200 cm1 does not appear in TEA solution 85% and the band at
1030 cm1 is relatively less intense in TEA solution 10%, which is
related to the concentration of TEA solution. In TEA solution 10%,
the spectrum of water is more dominant than TEA spectrum and
it is vice versa in TEA solution 85%. TEA concentration is even lesser
in the specimens of cement pastes containing TEA, which cause
TEA spectrum is not appear in the spectrum of hydrated specimens
with TEA as shown in Fig. 4b–d.
In the spectrum of hydrated specimens, the band 660 cm1
appears started at 15 min for specimens CP-0, CP-50 and CP-200

shown in Fig. 4b and d. This indicates the formation of early age
C-S-H that has low CaO=SiO2 molar ratio (C/S). The 660–
670 cm1 band of C-S-H due to Si–O–Si bending broadens and
decreases in intensity for samples with C/S > 0.88 [73]. C/S evolves
toward 1.7 for C-S-H phase in mature hydrated C3S [53]. During the
short hydration period, the C-S-H formed at the surface of C3S is
less than 10 nm [53]. Such formed C-S-H has very low C/S as measured using the method secondary neutral mass spectroscopy
(SNMS) [53]. The observable upward shift for the FTIR spectrum
between band 600 cm1 and 800 cm1 of specimens CP 2000 and
4000 (the specimens with strongly acceleration effect upon initial
setting time) in Fig. 4d is due to the dominancy of the formed AFt/
ettringite at the time of initial setting time as the result of relatively higher dosage of TEA. This observation coincides with the
missing C-S-H band 660 cm1 from the FTIR spectrum. The peak
at band 617 cm1 appearing in the FTIR spectrum of specimen with
low dosage of TEA, shifting to 627 cm1 and sharping in the specimens with higher dosage of TEA corresponds to Al-O bond of
alumatrane, which suggests the more intense quantity formation
of alumatrane as higher TEA dosage [74]. More detailed observation on the sulfate band (1100–1150 cm1) of hydrated cements
at initial setting time as shown in Fig. 4e shows the shifts to lower
wavenumber that is related to formation of ettringite [67].
The intensity of early age C-S-H band at 660 cm1 decreases as
higher TEA dosages and does not appear for specimens CP-2000 and
CP-4000 (Fig. 3b-d). This indicates C-S-H formed in specimens CP-0,
CP-50 and CP-200 but most likely does not in specimens CP-2000
and CP-4000 at the time of initial setting. This complies with the
observation from exothermic temperature curves of specimens CP2000 and CP-4000. The acceleration period of these two specimens,
which is the indicator for the start of C-S-H formation begin beyond
the time of initial setting. The shift of sulfate band to lower wavenumber from specimens CP-0 to CP-4000 (Fig. 4e) indicates the ettringite
formations that tends to increase as higher TEA dosages.
4.5. Thermogravimetric analysis
TGA was performed to obtain more quantitative information on
the precipitates formed at the time of initial setting time. Thermogravimetric (TG) curves are shown in Fig. 5. TG curve of nonhydrated cement is shown in Fig. 5a. TG curves of cements
hydrated up to initial setting times are presented in Fig. 5b. The
differences in TG curvatures between specimen CP-0 and those
with TEA are noticeably exist below 200 °C as shown in differential
thermogravimetric (DTG) curves in Fig. 5c. Here, the first two
peaks at 72 °C and 110 °C correspond to decomposition of ettringite and gypsum, respectively [75–77]. The reduced weight at
105 °C from merely the ettringite decomposition is somewhat
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Fig. 4. Examination of FTIR spectrums between wavenumber 600 and 4000 cm1. (a) Raw materials and ordinary cement hydrated for 15 min. Hydrated cements at (b)
15 min and (c) initial setting times. Zoom in of FTIR spectrums of hydrated cements at initial setting time between the band (d) 600 and 900 cm1 and (e) 1080 and
1130 cm1. Spectrum band at 660 cm1 is related to low C/S C-S-H and the shift to lower wavenumber of spectrum band between 1100 and 1150 cm1 is related to ettringite
formation.

controversial because the loss in weight also includes the water
evaporation [78]. However, the weight loss due to decomposition
of ettringite should be dominant, supported by the fact that ettringite starts decomposing at 50 °C and water boils above 100 °C as
indicated in reference [79]. Furthermore, the evaporation time of
water residing in macro-and nano- pores below 100 °C is much
longer (in hours) than the time needed in the TGA test to achieve
100 °C (less than 10 min with a heating rate of 10 °C per minute).
In the current study, the evaporation time of water in concrete at
100 °C would be hundreds of hours [80]. Therefore, the weight loss
between 50 °C and 100 °C is used to compare the quantity of
formed ettringite among the specimens. Fig. 5d presents the percentage weight loss of the specimens between 50 °C and 100 °C.
The ettringite quantity is less in specimens CP-50 and CP-200 but
is more in specimens CP-2000 and CP-4000 as compared to the
quantity in specimen CP-0.
4.6. Working principle on accelerating-retarding effects of TEA dosage
on initial setting time
Atomistic simulation suggests the spontaneous reaction
between TEA and Al(OH)4-ions from C3A hydration to form aluma-

trane. The presence of alumatrane can also be observed from the
band 617 cm1 merely appearing in the FTIR spectrum of specimen
with low dosage of TEA, shifting to 627 cm1 and sharping in the
specimens with higher dosage of TEA corresponds to Al-O bond
of alumatrane [74]. The additional chemical reaction in presence
of TEA that consumes the dissolved Al(OH)4- ions from C3A hydration suggests the needs on faster dissolution of C3A in order to
maintain the chemical equilibration in hydrated cement solution.
Therefore, this process implies the working principle of accelerated
C3A hydration in the presence of TEA.
Because of the relatively small dosage of TEA (only up to
4000 ppm) and the imbalance between TEA and C3A, dosage of
TEA acts as the limiting reactant, meaning that the ettringites are
must be formed in two distinct conditions differentiated based
on the availability of TEA. The first condition is with TEA available.
The second condition is in the period when all TEA are consumed.
Through the following discussions the ettringites formed under
first and second conditions are named TEA-ettringite and normal
ettringite, respectively. Though the detailed molecular structure
of TEA-ettringite is worth determined in the future study, our work
clearly show that TEA contributes to the more rapid TEA-ettringite
formation than the normal-ettringite formation [21].
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Fig. 5. (a) TGA of non-hydrated cement particles. (b) TGA of hydrated cements at initial setting times. (c) DTG of hydrated cements. Ettringite is decomposed between 50 °C
and 100 °C. (d) % weight loss of hydrated cements between 50 °C and 100 °C which shows the quantitative comparisons of ettringite formations.

The TEA dosage governs the quantity of TEA-ettringite being
formed, which subsequently influences the following cement
hydration process (up to the time of initial setting) including the
C3S phase. Such influence leads to lightly accelerating (low dosage),
retarding (medium dosage) and strongly accelerating (high dosage)
effects of TEA on the initial setting time. In the following paragraphs, we explain the working principle for the acceleratingretarding effects of TEA dosage on initial setting time. This working
principle is based on the semi-quantitative comparison of the
formed TEA-ettringite that leads to different effects of TEA dosage
on cement hydration and initial setting time. We start with the discussions regarding the initial setting time of specimen CP-0. Subsequently, we discuss the working principles of acceleratingretarding effects of TEA dosage on initial setting time in specimens
CP-50, CP-200, CP-2000 and CP-4000.
The time of initial setting of specimen CP-0 (ordinary hydrated
cement) is the moment when the growths of hydration products
surrounding cement particles start colliding [81,82]. These colliding hydration products form percolating solid networks over the
entire hydrated cement system as illustrated in Fig. 6a. Fig. 6b
gives the semi-quantitatively schematic drawing of cement particle (C3S + C3A) and the respective formed C-S-H and normalettringite at initial setting time. Initial setting time appears as
the consequence of both C3S and C3A hydrations and the respective

formations of C-S-H and ettringite [83]. Formation of C-S-H contributes more to the initial setting time as compared to ettringite.
Specimen CP-50 represents cement paste where TEA lightly
accelerates the initial setting time. This lightly accelerating effect
of TEA can be explained from the shorter induction period in specimen CP-50 than that in specimen CP-0. The shorter induction period in specimen CP-50 can be interpreted as the effect from the
formation of TEA-ettringite on the surface of C3A that makes C3A
further dissolution impeded. As the C3A hydration is impeded, less
quantity of ettringites in specimen CP-50 (Fig. 6c) than CP-0
(Fig. 6b). TGA indicates the formed ettringite is less in specimen
CP-50 than that in specimen CP-0. The interruption of C3A hydration after the formation of TEA-ettringite makes the solution is
more relatively under saturated with respect to dissolved C3A. This
situation gives more opportunity for C3S to dissolve faster and C-SH precipitates earlier hence induction period is shortened. Earlier
start of acceleration period in exothermic temperature curve of
specimen CP-50 than CP-0 indicates the earlier C-S-H precipitation.
As the result, C-S-H network is built up faster hence initial setting
time is accelerated.
Specimen CP-200 corresponds the cement paste where TEA
retards the initial setting time. Similar to the case of specimen
CP-50, the retardation in initial setting time of specimen CP-200
can be explained from the length of induction period. Induction
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Fig. 6. (a) Schematic drawings show the evolution of hydrated cement particles toward initial setting time. Cement particles hydrate and their products, mainly come from
the hydrations of C3S and C3A phases, grow outward the surface of non-hydrated cement particles. Initial setting time occur when the growing hydration products start to
collide. (b–f) Schemes on semi-quantitative comparison of cement (C3S + C3A) hydration products at the initial setting time. (c) The intensity of formed TEA-ettringite
impedes the growth of normal ettringite causing the more exposed C3S hence faster C-S-H formation to cause initial setting time. (d) Growth of TEA-ettringite on C3A and
partly C3S surfaces causing slower C-S-H formations for initial setting time. In (b–d), initial setting time are developed dominantly by C-S-H formation, while in (e and f), the
initial setting times are mainly ascribed to excessive amount of TEA-ettringite.

period in specimen CP-200 is longer. The more quantity of TEAettringite in specimen CP-200 than in specimen CP-50 can explain
such longer induction period. The quantity of TEA-ettringite in
specimen CP-200 is adequate to grow not only over C3A surface
but also on part of C3S surface as illustrated in Fig. 6d. TEAEttringite on the surfaces of C3A and C3S interferes hydrations of
C3A and C3S. Consequently, the pace of C-S-H growth is impeded
hence the occurrence of initial setting is prolonged.
Strong acceleration effect of TEA on initial setting time occurs in
specimens CP-2000 and CP-4000. Exothermic temperature curves
of specimens CP-2000 and CP-4000 are largely deviate from those
of specimens CP-0, CP-50 and CP-200. Noticeable changes are in
terms of significant higher intensities of the first peaks, long induction periods and prolonged starts of acceleration periods. Initial
setting time of specimens CP-2000 and CP-4000 coincides the period of the first peak, which correspond to C3A hydration. This coincidence implies that TEA-ettringite causes initial setting time in
specimens CP-2000 and CP-4000 (Fig. 6e and f). FTIR spectrum
analysis indicates inexistences of C-S-H at initial setting time of
specimens CP-2000 and CP-4000. Such formation of TEA-

ettringite strongly impedes C3S hydration and causes the inexistences of C-S-H at initial setting time of specimens CP-2000 and
CP-4000. The longer induction period in specimen CP-4000 relatives to specimen CP-2000 is most likely related to the less porosity
of TEA-ettringite formed in specimen CP-2000 than that in specimen CP-4000. The less porous TEA-ettringite in specimen CP4000 than CP-2000 gives more intense barrier between water
and C3S to start hydrate. The change into the smaller size of ettringite crystals is observed in hydrated cement paste with TEA [84].

5. Conclusion
In this study, we have performed experiments and molecular
simulation for the discovery of working principle to explain the
accelerating-retarding effects of TEA dosage on initial setting time
of hydrated cement. TEA initially influences C3A hydration. In the
presence of TEA, C3A hydration involves the formation of alumatrane as has been evaluated by molecular simulation and FTIR
spectroscopy. Under this TEA influencing circumstance, the precip-
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itate called TEA-ettringite are formed. The pace of TEA-ettringite
formation is faster than normal ettringite. The level in intensity
of TEA-ettringite formation is governed by TEA dosage and can
influence the cement hydration to different extents prior the initial
setting time.
Acceleration of initial setting time of hydrated cement with
considered low dosage of TEA has the acceleration period that
starts earlier and with lower quantity of ettringite. These observations suggest the relatively small quantity of TEA-ettringite rapidly
grows on C3A surface, which impedes the normal ettringite formation and allows the other phases of cement such as C3S to hydrate
faster. Consequently, general process in cement hydration is accelerated hence initial setting time. In presence of relatively higher
dosage of TEA, the amount of TEA is adequate to cause the fast network formation of TEA-ettringite that can generate initial setting
time. Retardation in initial setting time from the use of TEA with
considered medium dosage is caused by TEA-ettringite that adequately grows on the surfaces of C3A and other cement phases.
As a consequence, the subsequent cement hydration is impeded
leading to the delayed initial setting time.
The working principle discovered in this study regarding the
accelerating-retarding effects on initial setting time is not merely
applicable to TEA but also in general to others chemical accelerating the hydration of C3A. Furthermore, it is found that control upon
hydration of C3A provides the means to regulate cement hydration
toward initial setting time.
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