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� Alkanolamines enhance the aluminate reaction of LC3 cements.
� More Hc and Mc is precipitated, increasing compressive strength.
� The addition of alkanolamines promote the hydration of ferrite and C3A.
� The amount of aluminum and iron in the pore solution increases.
� No significant effect of TEA on calcined clay reactivity was observed.
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Grinding aids are commonly used in cement manufacture to reduce electrostatic forces between powder
particles and reduce agglomeration. Alkanolamines are known to also influence the hydration of the alu-
minate phases in cement. This study assessed the effect of TEA, TIPA and DEIPA addition on the hydration
of LC3 systems. It was observed that these molecules have an enhancing effect on the aluminate reaction
in LC3. They promote the hydration of ferrite and C3A, and lead to higher amounts of hemicarboaluminate
and monocarboaluminate precipitated, which contributes to porosity refinement and mechanical proper-
ties. The rate of reaction of metakaolin is not affected by the addition of TEA, independent of the iron con-
tent of the clay.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The push to lower the carbon emissions associated with cement
production is driving the industry to find solutions that are also
technically and economically feasible. The only effective strategy
to tackle this challenge is to reduce the clinker factor [1]. This
has promoted the adoption of blended cements, which incorporate
supplementary cementitious materials (SCMs) in addition to clin-
ker and gypsum [2,3]. Today, blended cements are more common
than traditional Portland cements.

Limestone calcined clay cements (LC3) are a family of blended
cements that incorporate limestone and calcined clays replacing
part of the clinker [4,5]. Among all the materials that are com-
monly used as SCM, limestone and calcined clay are the only avail-
able in the quantities required for a reduction of the clinker factor
on a global-scale [1]. Natural clays containing kaolinite are the
most suitable material to make LC3 [6]. After calcination, kaolinite
transforms into metakaolin, an aluminosilicate phase that can
react with portlandite to form C-A-S-H and AFm [7]. Natural clays
normally contain other minerals in addition to kaolinite. These
associated minerals are commonly quartz, iron oxides, feldspars
and other rock forming minerals [8,9].

The reactivity of blended cements depends on their mineralog-
ical composition (clinker composition, type of SCM), but also on
physical characteristics of the material, especially specific surface
area [10–12]. Proper grinding is crucial to ensure a good behavior
of blended cements. The different grindability of the SCMs and the
clinker grains makes intergrinding challenging [13]. In general,
SCMs are softer than clinker and thus will tend to overgrind while
the clinker grains remain coarse [14].

Grinding aids (GAs) are incorporated during comminution of
clinker to reduce electrostatic forces and minimize agglomeration
of clinker and SCM grains [15]. Their chemical compositions
include alkanolamines such as triethanolamine (TEA), triiso-
propanolamine (TIPA) and diethylisopropanolamine (DEIPA), as
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well as glycols such as propylene glycol (PG), monoethylene glycol
(MEG), and diethylene glycol (DEG). Polycarboxylate ethers (PCEs)
are also commonly used as GAs. Because of their organic polar nat-
ure, GAs are preferentially adsorbed on surfaces formed by the
fracture of electrovalent bonds such as Ca–O and Si–O, reducing
surface energy forces [15]. This reduction leads to an increase in
the fineness of the cement for a given energy consumption [15–
17]. Mishra et al. showed quantitatively that the main effect of
GA is the reduction of agglomeration energy [18]. Recently, it
was shown that they can also improve the particle separation pro-
cess of ground clays [9].

Alkanolamines are known to influence the hydration of cement
in addition to improving the grinding process [19]. TEA and TIPA
have been used as setting accelerators and strength enhancers
[20]. Ramachadran observed that TEA could retard the hydration
of the alite, but significantly accelerate the reaction of C3A and
the formation of ettringite [20,21]. In addition it has been observed
that TEA can influence the solubility of fly ash [22]. TIPA has been
observed to produce an increase in strength at later ages [23,24].
DEIPA can promote the formation of ettringite and the hydration
of aluminate clinker phases [25].

The interaction of TEA and TIPA has been associated with the
formation of amine-iron complexes. Gartner and Myers proposed
that the iron complex increased the solubility of iron enough to
be able to coprecipitate with aluminum to form ettringite and
AFm [24]. In this study, Gartner and Myers also suggest that an
amine-Al complex might be formed. Recently, an atomistic model
for the TEA-Al complex has been proposed by DFT calculations
[26].

Despite the extensive amount of research on the effect of differ-
ent alkanolamines in pure clinker phases and OPC hydration, there
are no studies that address their effect in systems where additional
aluminum and iron sources are introduced, such as LC3. This paper
presents a study on the effect of alkanolamine grinding aids (TEA,
TIPA and DEIPA) on the hydration kinetics and phase assemblage of
LC3. The influence of GA addition in porosity refinement and com-
pressive strength is discussed in the light of the observed interac-
tions of alkanolamines with iron and aluminate phases in LC3.
2. Materials and methods

2.1. Raw materials

A commercial ordinary Portland cement (OPC) conforming to
EN 197-1 as CEM I 42.5R was used in this study. Two different cal-
cined clays were used for the preparation of LC3 blends. First, a nat-
ural clay from Chile (Cy) with 60.3% of kaolinite as measured by
TGA and a high iron content (9.44% Fe2O3) was selected. The clay
was ground and calcined in a laboratory furnace at 800 �C for
1 h. Complete dehydroxylation of kaolinite was verified by TGA.
The iron mineral after calcination corresponds to hematite. The
other clay corresponds to a high purity metakaolin (MK, 95% purity
from Burgess). As the content of kaolinite is higher, MK was mixed
with a quartz powder (Qz) to achieve the same total kaolinite con-
tent as Cy. A commercial limestone (Omya, Durcal 5) was used.

The chemical (by XRF) and phase (by XRD/Rietveld) composi-
tions of the raw materials are shown in Table 1. The particle size
distribution (PSD) of these materials, measured by laser diffraction,
is shown in Fig. 1. The optical model parameters and the dispersant
were selected following the recommendations given in [27].

The specific surface area (SSA) of each raw material was mea-
sured by nitrogen adsorption, using the BET model. In all cases,
samples of around 1.5 g were degassed for 2 h at 200 �C under a
N2 flux before the measurement. The specific gravity was mea-
sured using a liquid pycnometer with isopropanol as solvent.
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Distribution values and specific gravities are summarized in
Table 2.

Pure molecules of different grinding aids were used in this
study. Three different alkanolamines were studied. Tri-
ethanolamine (TEA, SigmaAldrich 90,279 99% purity), triiso-
propanolamine (TIPA, SigmaAldrich 254,746 95% purity) and
diethylisopropanolamine (DEIPA, SigmaAldrich 233,757 93% pur-
ity) were used. In addition, the effect of alkanolamines on LC3

hydration was compared to other families of grinding aids.
Polypropylene glycol (PPG, Mn 1000, SigmaAldrich 202320),
dipropylene glycol methyl ether (DPG, SigmaAldrich 484253,
99%) and polycarboxylate ether (PCE, GCP Chemicals, ADVA 955,
60% solid content) were used. In all cases, aqueous solutions at
0.5% solid content were prepared to facilitate handling, dosing
and dispersion of the grinding aids.

2.2. Mixture design

An LC3-50 system (50% clinker content) was used as a reference
to study the effect of alkanolamine GAs on hydration and mechan-
ical properties. The clay to limestone ratio was fixed at 2-to-1. To
achieve adequate sulfate balance of the systems, 1% of gypsum
was added in all cases. This leads to a mixture design composed
of 54% OPC, 30% calcined clay (Cy or MK + Qz), 15% LS and 1% gyp-
sum. A water to binder ratio (w/b) of 0.4 was used.

The addition of grinding aids to the LC3 systems was conducted
starting from the 0.5% solid content solutions prepared. The neces-
sary amount of solution was incorporated to the mixing water
before casting to achieve 100 or 200 parts per million (ppm),
(0.01 and 0.02% respectively) referred to the mass of binder. These
dosages are common concentrations for this type of molecules
when used as grinding aids. In the case of TEA, some experiments
were conducted at higher concentrations. The water addition due
to the incorporation of the GA solutions was computed and sub-
tracted from the mixing water. LC3 paste samples were prepared
by mixing the water plus the GA with the powders using a vertical
axis high shear mixer, at 1600 rpm for 2 min.

2.3. Experimental methods

The heat evolution was measured in a TAM Air isothermal
calorimeter at 20 �C for up to 7 days. From the paste samples pre-
pared, 10 g of was placed in a glass ampoule, sealed and introduced
in the calorimeter.

X-ray diffraction (XRD) measurements were carried out on
freshly cut slices of hardened paste at 1, 2, 3, and 7 days of hydra-
tion to follow the hydration of the clinker phases and the formation
of aluminate hydrates in the systems. Rietveld refinement was
conducted using the HighScore Plus v4.8 software. The slices were
analyzed in a Bragg-Brentano configuration in a PANalytical X’pert
pro diffractometer working at 45 kV and 40 mA with a copper
source. A 1/2� soller slit was used, and scans were acquired
between 7 and 70� 2h in 14 min, equivalent to a step size of
0.0167� 2h. The external standard method was used to compute
the K-factor of the device and account for the amorphous phases
present. A scan of a rutile standard was acquired in the same con-
ditions after the experiments for this purpose.

Porosity measurements were conducted by mercury intrusion
porosimetry (MIP) in paste samples at 1 and 7 days. Slices similar
to the ones prepared for XRD were immersed in isopropanol for
7 days to arrest the hydration. Afterwards, they were stored in a
desiccator for at least 48 h to remove the remaining isopropanol.
About 1 g of hardened paste was placed in a glass dilatometer
crushed into 4 to 5 pieces. Intrusion was conducted up to a pres-
sure of 440 MPa. A contact angle of 120� was assumed between
mercury and the cement paste.



Table 1
Chemical (from XRF) and phase composition (from XRD) of OPC, MK, Cy, LS and Qz.

OPC MK Cy LS Qz

SiO2 19.51 52.00 48.13 0.11 99.83
Al2O3 4.42 43.80 35.08 0.00 0.00
Fe2O3 3.12 0.33 9.44 0.04 0.03
CaO 63.85 0.03 0.81 54.96 0.02
Na2O 0.19 0.14 0.20 0.06 0.00
K2O 0.83 0.29 0.08 0.00 0.05
MnO 0.05 0.01 0.01 0.00 0.00
TiO2 0.31 1.53 2.27 0.00 0.02
MgO 2.10 0.01 0.52 0.15 0.00
P2O5 0.33 0.16 0.34 0.00 0.00
SO3 3.25 0.10 0.02 0.03 0.00
LOI 1.54 1.47 2.98 42.5 0.02
C3S 66.5 – – – –
C2S 4.0 – – – –
C3A 4.9 – – – –
C4AF 9.6 – – – –

Fig. 1. Particle size distribution of the raw materials used in this study.
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Paste samples were also used to assess compressive strength.
Cubic samples of 2 cm were prepared and stored in sealed condi-
tions until testing. Strength measurements were conducted at 1,
2, 3, 7, 14 and 28 days of hydration, using a 60 kN load cell with
a 1 N resolution and a loading rate of 0.4 kN/s.

The aluminum and iron content were measured in pore solution
samples collected at 1, 2, 3 and 7 days of hydration in LC3 systems
incorporating 200 and 500 ppm of TEA. The pore solution extrac-
tion was done in a cylindrical paste sample using a pore press
device at 600 kN for 7 min. Samples were filtered using a 0.2 lm
syringe filter after collection. pH was measured right after extrac-
Table 2
Distribution values, span (width), specific surface area and specific gravity of raw materia

OPC MK

DV90 (lm) 41.42 20.17
DV50 (lm) 14.22 5.13
DV10 (lm) 1.67 0.54
Span (�) 2.80 3.83
SSA (m2/g) 1.41 13.56
Sp. Gravity (g/cm3) 3.09 2.20

3

tion. Afterwards, a 3 times dilution in 1% HNO3 was prepared. The
measurements were conducted using inductively coupled plasma
optical emission spectrometry (ICP-OES).

The microstructural development was studied using scanning
electron microscopy (SEM), using a FEI Quanta 200 microscope.
Element distribution maps were collected from polished sections
of LC3 paste (from the same discs as for MIP measurements)
embedded in resin, using an accelerating voltage of 12 kV, working
distance of 12.5 mm and a spot size adjusted to obtain about 0.9nA
of current over the sample. The maps were collected at 1000x mag-
nification in 30 cycles with a dwell time of 512 ls, resulting in a
total measuring time of approximately 8 h per map. The obtained
data was then quantified using a calibration database acquired
under the same conditions. Afterwards, the edxia image analysis
framework was used to process the hyperspectral maps and obtain
phase distribution masks [28].
3. Results and discussion

3.1. The effect of TIPA, TEA and DEIPA addition in LC3 properties

Calorimetry curves obtained for LC3 systems with Cy (iron-rich)
clay incorporating 100 and 200 ppm of alkanolamines are shown in
Fig. 2. A significant enhancement of the aluminate peak is
observed, with higher maximums of the peaks for the higher
dosages of GA. DEIPA exhibits the highest enhancement, followed
by TEA and TIPA.

In the case of TEA (both addition levels) and DEIPA at 200 ppm a
shortening of the time to reach the onset of the aluminate peak is
observed. As it has been previously shown [29], the sulfate balance
of blended cements is influenced by the rate of sulfate adsorption
in C-A-S-H. In addition, the amount of ettringite precipitated dur-
ing the alite peak can also modify the position of the aluminate
peak [30]. In this case, the alite peaks appear similar in all cases,
which suggests that the acceleration of the aluminate peak is
linked to a higher amount of ettringite being precipitated before
ls.

Cy LS Qz

56.22 19.3 11.96
7.72 7.71 4.56
0.17 2.27 0.36
7.26 2.21 2.54

47.16 2.39 3.45
2.61 2.71 2.65



Fig. 2. Heat flow (a) and total heat (b) curves of LC3-50 systems with Cy clay and alkanolamine GA additions.
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the onset. Ramachandran previously showed that TEA accelerates
the reaction rate of C3A [20,21] with a consequent increase in the
precipitated ettringite.

Fig. 2b shows the corresponding total heat for the different LC3

systems studied. Despite the clear differences in the aluminate
peaks observed in Fig. 2a, the total heat curves appear similar for
DEIPA, TEA and the system with 200 ppm TIPA at 48 h. Thus,
despite the clear peak shape difference, the amounts of ettringite
precipitated in these systems is expected to be similar.

Calorimetry curves of LC3 systems incorporating 100 and
200 ppm of glycol-based (PPG and DPG) and PCE-based GAs are
shown in Fig. 3. In this case, no significant effect of the grinding
aids on the hydration kinetics of LC3 systems is observed. The total
heat release is in all cases similar to the system without the addi-
tion of grinding aids. While all these molecules have proven effec-
Fig. 3. Heat flow (a) and total heat (b) curves of LC3-50 sys
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tive in improving the grinding efficiency of calcined clays [31] and
the particle classification process after grinding [9], they do not
influence the hydration kinetics of LC3-type systems at the addi-
tion levels explored.

The enhancement observed with the addition of alkanolamines
in the aluminate peak of LC3 systems show that these molecules
can influence the hydration kinetics of these blended systems. To
better understand the effect of alkanolamines in LC3, experiments
were conducted to assess the influence of these molecules on
OPC hydration kinetics. Fig. 4 shows a heat flow curve of plain
OPC, and also with 200 ppm of addition of DEIPA and TEA, mole-
cules that exhibited the strongest enhancement effects in the alu-
minate reaction of LC3 (Fig. 2).

A reduction of the slope of the acceleration stage of the alite
peak is observed in both systems incorporating GAs. Furthermore,
tems with Cy clay and glycol-based/PCE GA additions.



Fig. 4. Heat flow curve of OPC with addition of 200 ppm of DEIPA and TEA.
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the height of the alite peak is reduced as compared to the plain OPC
system. This could be related with a higher degree of reaction of
C3A/ferrite in the presence of these alkanolamines.

The reduction in slope of the acceleration period is not observed
in the LC3 systems, Fig. 2. Moreover, the height of the alite peaks is
similar among all systems with GA as compared to the control LC3

system. It can be inferred that the addition of limestone and cal-
cined clay in LC3 provides sufficient enhancement of the alite reac-
tion through filler effect to offset the negative effects observed in
OPC.

Considering the position of the maximum of the alite peak in
each case as a reference, the onset of the aluminate peak also
occurs earlier (i.e., at a lower DoH of alite) in the OPC systems with
TEA and DEIPA. This further supports the observation regarding
more sulfate being consumed during the acceleration period due
to an increased rate of reaction of C3A and/or ferrite. The aluminate
peaks also appear enhanced compared to the control OPC system.

Fig. 5 shows the compressive strength of LC3 systems measured
in paste samples. TEA, TIPA and DEIPA have positive effects in
mechanical properties but in different amounts and at different
hydration times. TEA and DEIPA show increases in strength com-
Fig. 5. Compressive strength of LC3-50 paste samples incorporating 200 ppm of TEA
and DEIPA.
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pared to the control system at early ages, TEA being significantly
higher. TIPA shows similar strength at early ages, but it improves
in the long term, in general agreement with previous studies
[20]. Among the 3 alkanolamine molecules used, TEA appears to
have the highest potential to increase the strength of LC3-type
systems.

The porosity measured by MIP of the same systems shown in
Fig. 5 are presented in Fig. 6 at 1, 3 and 7 days of hydration (total
porosity in Fig. 5a, 5b and 5c and size distributions in Fig. 5d, 5e
and 5f). At 1 day, the system with TEA exhibits the smallest critical
entry radius, while the system with DEIPA shows the lowest total
porosity. DEIPA and TIPA have a similar critical entry radius to
the control system. In general, all systems show similar pore size
distributions. At 3 days of hydration, TEA and DEIPA systems show
a more refined structure as compared to TIPA and Control, as evi-
denced by their smaller critical entry radius. This is consistent with
the strength results observed at this age. At 7 days, all the systems
incorporating grinding aids have a lower critical entry radius than
the control system. The finer fraction (below 10 nm) of the pore
size distributions is similar among all systems.

To understand the origin of the refined porosity and increased
strength observed in the LC3 systems with alkanolamines, the
degree of hydration of the main clinker phases and the phase
assemblage was characterized by XRD. Fig. 7 show the DoH of alite,
C3A and ferrite, and Fig. 8 the quantification of ettringite and hemi-
carboaluminate plus monocarboaluminate (Hc + Mc) for each
system.

The DoH of alite is slightly lower in the systems incorporating
GAs at 24 h. At later ages, the differences between systems with
and without alkanolamines is negligible. The DoH of C3A is higher
at 24 h for the systems incorporating alkanolamines. Afterwards,
an enhanced hydration for C3A is observed in the systems with
TEA and DEIPA. This agrees with previous observations on C3A
hydration using TEA [21]. In this study, DEIPA appears to have a
similar effect, although less intense than TEA.

The DoH of ferrite (C4AF) is significantly higher at 24 h in all
systems with GA additions. At 7 days, the system incorporating
200 ppm of TIPA depletes anhydrous ferrite, while the systems
with DEIPA and TEA reach DoH values around 90% for this phase.
In contrast, the control system reaches 74% DoH of ferrite at the
same age. The higher DoH observed in the ferrite phase when alka-
nolamines are incorporated could be attributed to the formation of
amine-iron and amine-aluminum complexes at high pH [24]. The
increased mobility of iron and aluminum in the systems with alka-
nolamines might explain the higher degrees of reaction observed.

The amount of ettringite is similar among all systems, as the
limiting factor is the availability of sulfate. However, the amounts
of Hc and Mc precipitated are significantly higher in the systems
with alkanolamines. The highest amounts are observed in the sys-
tem with TEA, followed by DEIPA and TIPA. This corresponds with
the trend observed in compressive strength, Fig. 5. Recently, it has
been shown that the contribution of Hc and Mc in LC3 strength and
porosity refinement is significant [32,33]. Thus, the enhanced pre-
cipitation of these phases could explain the increased strength
observed in LC3 systems incorporating these molecules.
3.2. Further insights on the influence of TEA in LC3 hydration

Since TEA was the molecule that exhibited the highest enhance-
ment of strength in LC3 system, the interactions of this molecule
with LC3 were studied in more detail. Fig. 9 shows the concentra-
tion of iron and aluminum in the pore solution of an LC3 system
with 0, 200 and 500 ppm of added TEA. In this case, the MK + Qz
clay (no iron) was used to study the effect of TEA addition on mobi-
lization of iron from ferrite alone.



1 day 3 days 7 days 
a) b) c) 

d) e) f) 

Fig. 6. Total porosity (a, b, and c) and pore size distribution (d, e and f) of LC3-50 paste samples incorporating 200 ppm of TEA, TIPA or DEIPA at 1, 3 and 7 days of hydration.
Contact angle assumed 120�.

Fig. 7. DoH of alite, C3A and ferrite in LC3-50 systems incorporating alkanolamine GAs.
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At 24 h of hydration, the concentration of aluminum increase
with increasing amounts of TEA. Afterwards, the difference
between the systems with TEA and the control system is minor.
In the case of iron, it was only detected after 2 days of hydration
in the system with TEA. In the control system, the measured val-
ues were always below the detection limit of 0.055 mmol/L. The
content of iron in solution increases with an increase in the
amount of TEA added. These observations are in good agreement
with the higher degrees of reaction of ferrite measured by XRD,
Fig. 7.
6

The pH of the system with 500 ppm was slightly higher at 24 h.
Overall, it can be stated that TEA does not seem to accelerate the
reaction of metakaolin in the same way as ferrite and possibly
C3A during the first 24 h. In addition, as the degree of reaction of
alite in the systems with TEA is expected to be slightly lower than
the control (Fig. 7), the measured pH values further confirm that
metakaolin is indeed reacting at the same rate or slightly slower
in the systems with TEA.

Based on the previous results, there is a clear interaction
between TEA and iron in LC3 systems. However, there is still an



Fig. 8. Ettringite and Hc + Mc content evolution in LC3-50 systems incorporating alkanolamine GAs.

Fig. 9. pH, aluminum and iron concentration in pore solution of LC3-50 (MK + Qz
clay) paste systems incorporating TEA.
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open question if this interaction is limited to ferrite or also affects
the iron phases present in the calcined clay fraction as part of the
impurities of natural clays.

A series of isothermal calorimetry experiments were performed
with the aim to clarify this question. The sources of iron from an
LC3 system were removed one by one, and the effect of TEA and
DEIPA in the observed enhancement of the aluminate peak was
measured. A system with Cy clay and gray cement (iron from fer-
rite and calcined clay), another with gray cement and MK + Qz
(iron only from ferrite) and a third one with white Portland cement
and MK + Qz clay (no iron in the system) were compared. The
results are shown in Fig. 10.

The enhancement of the aluminate peak observed in the sys-
tems containing gray cement and Cy clay (Fig. 10a and Fig. 2) is
also observed in the systems with gray cement and MK + Qz clay
(Fig. 10b). This shows that the presence of iron in the calcined clay
is not necessary for the enhancement to take place. This agrees
with the pore solution results, where the same synthetic clay with-
out iron (MK + Qz) was used to prepare the samples and an
increase in the iron concentration was observed.

However, when the iron phase from cement (ferrite) is also
removed, the situation changes. As seen in Fig. 10c, the aluminate
peaks between the control system and the ones incorporating TEA
and DEIPA are similar, and no clear enhancement is observed. Thus,
a major part of the observed enhancement of the aluminate peak in
7

LC3 systems incorporating alkanolamines appears to be associated
with an accelerated hydration of ferrite. Nevertheless, the alumi-
nate peaks of the systems with TEA and DEIPA in Fig. 10c are still
slightly higher than the control. This could be due to a promoted
reaction of C3A (still present in white cement) by the addition of
TEA and DEIPA [21].

To further explore the influence of TEA in the rate of reaction of
metakaolin, the R3 test [34] was used, as it allows to assess the
intrinsic reactivity of the clay independently of the cement used.
Furthermore, high correlation of this test with compressive
strength results have been observed. Both clays, MK (no iron)
and Cy (high iron content) were tested, in one case with the stan-
dard R3 solution and in other with the addition of 500 ppm (re-
ferred to the total solids) TEA. The total heat curves obtained are
shown in Fig. 11.

The addition of TEA in the MK clay has no effect in the observed
reaction kinetics. The difference with the control system is within
the expected variability of this test. In the case of the high iron clay
(Cy), a slight increase in the early reaction rate is observed between
12 and 30 h in the system with 500 ppm TEA. However, the differ-
ence is small and the system without the addition of TEA reaches
an equivalent degree of reaction afterwards. Both results agree
with the pH values observed in Fig. 9. Moreover, it indicates that
the enhancements observed in Fig. 10 are mainly due to the
enhanced reactivity of ferrite and C3A rather than metakaolin.

The effect of TEA additions on the reaction of alite was further
studied with higher additions of admixture. Fig. 12 shows the heat
flow curves of LC3 systems with MK + Qz clay and additions of TEA
up to 2000 ppm. Higher additions of TEA lead to more enhance-
ment of the aluminate peak. However, the slope of the acceleration
period of the alite peak decreases with increasing amounts of TEA
above 200 ppm. As previously discussed, this could be explained by
the increased amount of aluminum in the systems with TEA during
the first hours of hydration.

Among the systems with TEA, the position of the onset of the
aluminate peak appears to remain constant. As more aluminum
is available in the pore solution, more ettringite is formed during
the acceleration period of alite and consequently, more sulfate is
consumed. On the other hand, alite reacts at a slower rate as the
TEA concentration increases, and therefore the amount sulfate
adsorbed into C-A-S-H decrease [29]. These two simultaneous
effects seem to offset each other and overall, the onset of the alu-
minate reaction is not affected. However, as the slope of the accel-



a) b) c) 

Fig. 10. Heat flow curves of different LC3-50 systems with additions of TEA and DEIPA and iron phases in cement and calcined clay (a), only cement (b) and neither cement or
calcined clay (c).

Fig. 11. R3 test total heat curves of Cy and MK clays with and without the addition
of 500 ppm TEA.

Fig. 12. Heat flow curves of LC3-50 systems (MK clay) with higher additions of TEA.
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eration period goes down the position of the alite peak also shifts
right. Consequently, for the highest dosage of TEA (2000 ppm)
the system appears slightly undersulfated.

TEA lead to the highest increase in strength, as seen in Fig. 5.
The three alkanolamines have different effects on clinker hydration
and the precipitation of hydrates, as seen in Fig. 7 and Fig. 8. Higher
amounts of hydrates formed lead to a higher degree of porosity
refinement. On the other hand, the molar mass of TEA
(149.2 g/mol) is lower compared to TIPA (191.3 g/mol) and DEIPA
(163.2 g/mol). This implies that at constant mass additions, as in
this study, more molecules are added in the case of TEA. Conse-
quently, higher surface coverages can be expected. This difference
could also contribute to the observed differences in the behavior of
TEA, DEIPA and TIPA.
3.3. Microstructure of LC3 incorporating TEA

To study the effects of the addition of TEA in the microstructure
of LC3, an hyperspectral element map of an LC3 system with
MK + Qz clay was collected for a control (No GA) and 500 ppm sys-
8

tem at 7 days of hydration. The data obtained was analyzed with
edxia [28], and composite micrographs were produced to assess
the distribution of hydrated phases, particularly Hc and Mc. The
composition of each individual point of the map is presented as
scatter plots of element composition expressed as Al/Ca vs Si/Ca
ratio in Fig. 13a and Fig. 13b for control and TEA 500 ppm systems,
respectively.

In the datasets collected for the control system, iron appears
distributed in the microstructure. No other iron-bearing hydrates
were observed in significant quantities. The AFm points were iden-
tified and are shown as a color mask in Fig. 14.

As observed in the XRD results (Fig. 8), more Hc and Mc was
observed with the addition of TEA. This is clearly observed in the
composite micrograph shown in Fig. 15 for the 500 ppm TEA sys-
tem. The computed are fraction of AFm (Hc + Mc) in the No GA sys-
tem was 2.3%, while in the 500 ppm one it was 6.2%. No clear iron-
bearing hydrated phase is observed in this case as in the control
system.

From a microstructural point of view, the main effect of TEA
addition in LC3 is associated with a higher precipitation of Hc



Fig. 13. Scatter plots of elemental ratios for the map collected for LC3 no GA (a) and TEA 500 ppm (b) system at 7 days of hydration. AFm area is indicated.

Fig. 14. Composite micrograph of LC3 no GA showing Hc + Mc (red). Area fraction of
AFm 2.3%. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 15. Composite micrograph of LC3 TEA 500 ppm showing Hc + Mc (red). Area
fraction of AFm 6.2%. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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and Mc, which in turn increase the mechanical properties of the
material. While more iron is put into solution, it appears to remain
distributed rather than precipitate in hydrated phases.

4. Conclusions

This study evaluated the influence of different alkanolamines on
the hydration, porosity and mechanical properties of LC3. Special
attention was given to TEA, as it showed to lead to the highest
increase in compressive strength. Based on the results presented,
the following conclusions can be drawn:

1. Alkanolamines have an enhancing effect on the aluminate reac-
tion in LC3 systems. A slight shortening of the time to reach the
onset of the aluminate peak is observed for TEA and DEIPA at
200 ppm dosage due to an accelerated precipitation of ettrin-
gite. However, the amounts of ettringite observed at 24 h are
similar among all systems as it is limited by the sulfate
available.
9

2. The addition of alkanolamines promote the hydration of ferrite
and C3A. In the case of TEA and DEIPA, an increase in the
amount of Hc and Mc precipitated is observed, leading to a
more refined porosity and an increase in compressive strength.

3. No decrease in the slope of the acceleration period is observed
in LC3 systems due to the addition of TEA up to 200 ppm, as the
retardation effect over alite hydration is offset by the accelera-
tion (filler) contribution of limestone and metakaolin. Higher
dosages of TEA lead to decreasing rates of alite hydration.
Dosages of TEA in the range of 2000 ppm may produce under-
sulfation of the system.

4. The addition of TEA in LC3 leads to an increased amount of alu-
minum and iron in the pore solution at early age. The interac-
tion of TEA with iron is mainly associated with an enhanced
hydration of ferrite.

5. The rate of reaction of metakaolin is not significantly affected
by the addition of TEA, independently of the iron content of
the clay.
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