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Accelerators (or activators) are commonly used as additives in cement to advance setting and/or hardening.
Activation is often associated with the favoured hydration of particular cementitious phases, which can be induced by
complexation mechanisms. However, the dispersion state of pastes with admixtures may also influence hydration
rates. The aim of this paper is to highlight the correlation between mesostructural organisation and chemical
reactivity of cement pastes with an additive. The affinity of triethanolamine (TEA), an activator molecule, with cement
grains was assessed by measurement of total organic carbon. Moreover, the influence of the amine on the dispersion
state, sedimentation kinetics and rheological behaviour was studied. Finally, X-ray diffraction, aluminium nuclear
magnetic resonance spectroscopy and isothermal calorimetry were used in order to study the chemical reactivity of
cement in the presence of the admixture. The combination of these granular and chemical characterisations helped to

understand the mode of action of TEA.

Introduction

Accelerators (also called activators) are often used as additives
in cement formulations to advance the setting and/or hardening
of cementitious materials by accelerating cement hydration.
They are therefore sometimes used in precast concrete to
improve production rates or in ready-mixed concrete to limit
hydration retardation in cold weather conditions. Among the
different chemical species used as accelerators, ethanolamines
such as triethanolamine (TEA) are efficient activator molecules.
Many researchers have studied the use of TEA by looking at the
chemical reactivity of cement by means of isothermal calori-
metry, X-ray diffraction (XRD), thermogravimetric analysis or
mechanical strength tests. TEA is usually considered to improve
cement compressive strength and, depending on the dosage
used, it can also act as a set retarder or accelerator (Aggoun
et al, 2008; Aiad er al, 2003; Heren and Olmez, 1996).
Regarding the hydration kinetics, TEA slows down the hydration
of the calcium silicate phase, but enhances calcium aluminate
hydration and, more particularly, ettringite formation (Han
et al., 2015; Huang and Shen, 2014; Ramachandran, 1976; Yang
et al., 2017; Yaphary et al., 2017). Furthermore, TEA appears
to form complexes with cations such as iron, aluminium or
calcium, which might favour the dissolution/precipitation of
some mineral phases in cement (Gartner and Myers, 1993;
Heinz et al., 2010; Perez, 2002; Yilmaz et al., 1993; Zhang et al.,
2016). Most of these studies were performed on cement pastes
hydrated for relatively long periods (several months) and were
focused on cement properties after setting.

In order to understand the mode of action of TEA, admix-
tured cement pastes also have to be investigated at an early

hydration age. Along with chemical reactivity, the mesostruc-
tural organisation of the paste also has an impact on cement
hydration (Costoya Fernandez, 2008). Mesostructural organis-
ation can be defined as the physical arrangement of particles
inside a suspension, at a scale ranging from micrometric (unit
particle) to macroscopic (suspension) dimensions, including
a description of the agglomeration state. During the induction
period (the first hour or two of hydration), interactions
between particles and an additive can modify the paste disper-
sion state and consequently influence its final structure
(Berodier, 2015; Mikanovic and Jolicoeur, 2008). Direct and
indirect techniques can be used to study the mesostructural
organisation of cement paste in the presence of additives. In
particular, dynamic and static approaches to study rheological
(Aiad et al., 2003) and sedimentation behaviour (Autier et al.,
2014; De Oliveira et al., 2003) can allow indirect assessment
of concrete workability and setting. Modifications to admix-
tured cement properties are then often attributed to the ability
of the additives to adsorb onto cement grains, thereby chan-
ging the particles’ surface properties such as zeta potential
(Elakneswaran et al, 2009; Mutin et al, 1998; Neubauer
et al., 1998; Zingg et al., 2008).

The aim of the work reported in this paper was to study
the influence of TEA on cement pastes by correlating meso-
structural organisation and chemical reactivity. In this
work, cement powder (without supplementary cementitious
materials) was used to prepare pastes. Most characterisations
were performed during the first hour of hydration. Non-
admixtured cement powder and paste were first characterised
in various liquid media from a granular point of view.
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Table 1. Chemical, physical and granular characteristics of clinker powder

Phase XRD/Rietveld analysis: wt%?
Alite M3 ((Ca0)3.Si0,) 58-2
Belite g ((Ca0),.Si0,) 15-8
Belite af; ((Ca0),.Si0,) 6:2
(CaO)4.A|203.F6203 127
(Ca0)3.Al,03 cubic 4.5
(Ca0)3.Al,03 orthorhombic 1-5
Periclase (MgO) 06
Aphthitalite (KNaSOy,) 06

BET (Brunauer—Emmett-Teller) specific surface: m%/g
Blaine specific surface: m%/g
Surface area by granulometry: m%/g
In ethanol
In deionised water
In air
Density: g/cm?
Loss on ignition (950°C): wt%

Performed according to Le Saout et al. (2011)

Scanning electron microscopy (SEM) and laser granulometry
were used to identify different granular populations and their
agglomerates and to determine the influence of the suspending
fluid on the paste dispersion state. Following this, various
concentrations of TEA were added to the cement paste. The
adsorption ability of the molecule on cement grains was inves-
tigated by measurements of total organic carbon (TOC). The
effect of TEA on mesostructural organisation was investigated
by comparing the size distribution and physicochemical stab-
ility of pastes through optical microscopy, laser granulometry,
multiple light scattering analysis (Turbiscan MA 2000) and
rheological behaviour analysis. Finally, the influence of TEA
on the chemical reactivity of the cement pastes was studied by
analysing XRD patterns, aluminium nuclear magnetic reson-
ance (NMR) spectra and measuring the heat flow evolution
during hydration. The combination of mesostructural organis-
ation and chemical reactivity allowed better comprehension of
the mode of action of TEA regarding cement activation.

Materials and methods

Materials

The CEM I cement powder used in this study was prepared by
mixing 95 wt% of clinker with 5 wt% gypsum (CaSO4.2H,0).
The clinker was ground in the laboratory without use of a
grinding agent and thus the activator molecule added during
paste preparation was the only additive present in the for-
mulation. The chemical, physical and granular characteristics
of the clinker are given in Table 1. Gypsum was added to the
clinker in order to avoid cement flash set induced by early
calcium aluminate phase hydration. The activator molecule
TEA presents a dry mass extract of 86%. It also contains
around 10 wt% diethanolamine and 4 wt% water (Figure 1).

Element X-ray fluorescence: wt%
Sodium oxide (Na,O) 0-15
Magnesium oxide (MgO) 1-69
Aluminium oxide (Al,03) 5-33
Silicon dioxide (SiO;) 2130
Phosphorus pentoxide (P,0s) 0-27
Sulfur trioxide (SO3) 0-86
Potassium oxide (K,0) 0-67
Calcium oxide (Ca0O) 65-30
Titanium dioxide (TiO5) 0-31
Manganese oxide (MnO) 0-08
Ferric oxide (Fe,;03) 3:23

0-92

0-37

0-60

0-42

0-54

3-18

0-64

HON ™ | 7SO

OH

Figure 1. Molecular structure of TEA

Methods

Paste preparation

Cement pastes were prepared by mixing in two steps cement
powder, TEA and deionised water at a water/cement ratio (w/c)
of 0-4. The amine dosage was varied between 0-05% and
0-60% dry mass extract with respect to cement. In practice, for-
mulated accelerators are added to cement at a dosage varying
in the range 1-5 wt%, where amines present in the formulation
represent 0-02-0-25 wt% with respect to cement. In this study,
a larger concentration range was used, with especially high
concentrations tested in order to exacerbate the action of TEA
(Zhang et al., 2016). The mixing equipment consisted of a
radial flow impeller blade fixed to a Stuart SS30 mixer and
a stainless steel beaker of volume 50 ml. In the first step, the
additive and water were weighed and mixed in the beaker.
Cement was then added to this solution, corresponding to time
zero of hydration. The suspension was stirred for 1 min at
500 rpm. Mixing was stopped for 1 min in order to scrape the
blade and beaker. Finally, the suspension was stirred for a
further minute at 1000 rpm.

For some experimental procedures (laser granulometry, optical
microscopy and Turbiscan analysis), the pastes (w/c=0-4)



Table 2. pH and ionic conductivity of cement pastes at different
dilution rates in deionised water

lonic
w/c conductivity:
Sample ratio pH mS/cm
Deionised water — 85 0-01
Paste 0-40 13-0 14-0
Paste for Turbiscan analysis 1-58 12-5 13-5
Paste for laser granulometry 10 000- 11-0 04
measurement 100 000

had to be diluted in order to adjust the solid volume fraction
of the suspension according to the analytical technique used.
Table 2 shows the pH and ionic conductivity of cement
pastes prepared at various dilution rates in deionised water.
Furthermore, different dilution liquids were used — ethanol, deio-
nised water or a synthetic pore solution. The latter simulates the
natural interstitial medium that surrounds cement particles in a
paste. Its composition was adapted from the pore solution of a
CEM 1 425N paste (w/c=04) after 1h of hydration
(Lothenbach and Winnefeld, 2006): gypsum =0-8 g/l, potassium
sulfate (K,SO4)=19-4 g/, sodium hydroxide (NaOH)=0-9 g/l
and potassium hydroxide (KOH)=4-3 g/l. Lower ion concen-
trations were chosen compared with experimental values of pore
solutions in order to prevent calcium hydroxide (CaOH) for-
mation (saturation concentration around 20 mmol/l).

Granular characterisations

Cement samples were analysed using an environmental scan-
ning electron microscope (FEI Quanta 200 FEG). Powders
were simply dispersed onto a SEM specimen stub and carbon
deposited. In order to stop their hydration, cement pastes were
immersed in liquid nitrogen for 5 min and freeze-dried over-
night before analysis.

The particle size distributions (PSDs) of the cement powders
and pastes were analysed using a Beckman Coulter LS 13320
laser granulometer. Measurement was based on static light
scattering of monochromatic light (750 nm) by particles in sus-
pension, with the deviation angle of the light correlated to par-
ticle diameter. This device is able to measure PSD in the range
17 nm to 2 mm. For this purpose, an optical model specific to
cement was defined for sample analysis with a refractive index
of real part 1-75 and imaginary part 0-1 (Arvaniti et al., 2015).
Measurements were performed in air or as suspensions diluted
in ethanol, deionised water or synthetic pore solution (concen-
tration 0-01-0-10 g/) and lasted for 90 s. During measurement,
the suspensions were subjected to agitation (pump power 4).
The results, represented in differential mode, gave the variation
of volume percentage as a function of particle diameter.
Depending on the particle size, some denominations are used
to describe granular populations (Levine et al., 1991): particles
of diameter <1 pm are called colloids, particles in the range
1-100 um are called supracolloids and particles of diameter
>100 um are referred to as settleable or granular particles.

The dispersion state of cement paste was studied using an
optical microscope (Leitz Laborlux 12 Pol S) in transmission
mode. After dilution of the paste in synthetic pore solution, a
drop of suspension was placed on a glass slide and covered
with a smaller glass slide. Due to capillary forces, the suspen-
sion spread out under the surface of the smaller glass slide.
Zones containing different particle concentrations appeared
and these zones were analysed in order to determine the
mesostructural organisation of cement grains in the paste.

Characterisation of additive adsorption

The interactions between TEA and the cement grains were
studied by TOC measurements. Measurements were performed
on the pore solutions of admixtured cement pastes using an
Elementar VarioTOC Cube. After 10 min of hydration, pore
solutions were extracted by centrifugation (Hettich Rotina 380)
at 10 000 rpm for 5 min and then filtered with a 0-45 pm PTFE
membrane filter. The device vaporises the solution at 850°C and
measures the total quantity of carbon released with an infrared
detector (detection of carbon dioxide (CO,) band). As TEA
contains six organic carbons, the quantity of the molecule
present in the pore solution can be measured by means of TOC.
Knowing the initial concentration of TEA in the paste, amine
adsorption on cement grains can be calculated. Moreover, as
cement paste without an additive already contains some carbon
(inorganic carbon and pollutants), the signal of the pure paste
was always subtracted from that of the admixtured pastes.

Multiple light scattering analysis

The physicochemical stability of the cement pastes was studied
with a concentrated dispersion analyser (Formulaction Turbiscan
MA 2000). Using this device, destabilisation phenomena such as
settling behaviour can be followed over time. The principle of
this technique relies on multiple light scattering. A monochro-
matic light source (850 nm) scans the entire analysis tube (exter-
nal diameter of 15 mm and height 110 mm). Transmitted and
backscattered fluxes are detected at angles of 180° and 45°
respectively from the incident beam. The intensity of both light
fluxes is dependent on two main parameters, the solid volume
fraction and the mean particle diameter (Mengual ez al., 1999a,
1999b).

Backscattering and transmission profiles obtained by the
Turbiscan device over time allow the detection of particle size
change (agglomeration and dispersion) or particle migration
(sedimentation kinetics). In this study, settling behaviour was
studied in detail and decomposed into two main phenomena —
the evolution of a sedimentation front and supernatant clarifi-
cation (Figure 2). Cement pastes prepared at w/c=0-4 were
too concentrated for settling behaviour to be observed in a
reasonable time. Thus, after the 3 min paste preparation
period, the pastes were diluted with deionised water to obtain
a suspension with 17% solid volume fraction (w/c = 1-58). This
suspension was gently stirred for 10 min using a magnetic
stirrer. Then, 7 ml of the suspension was placed in the analysis
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Figure 2. Example of the backscattering and transmission profiles of a
of this figure can be found on the ICE Virtual Library (www.icevirtuallib

suspension measured by Turbiscan MA 2000. A full-colour version
rary.com)

tube. The analysis was conducted over 30 min, with a profile
measurement taken every 2 min.

Rheological behaviour

The rheological behaviour of the cement pastes was character-
ised using a shear rheometer (TA Instruments AR 2000). A
concentric cylinder geometry was chosen (bob diameter,
28 mm; bob length, 41-98 mm; cup diameter, 30 mm; gap,
1 mm). The temperature was fixed at 25°C. Five minutes after
the beginning of hydration, 100 g of cement paste (w/c=0-4)
was placed in the device for measurement. A pre-shear of
100 s~ was first applied for 60 s to ensure homogeneity of the
initial system. After a 30 s rest period, the shear rate was
increased from zero to 200 s™' over 1 min and then lowered
back down zero over a further minute. For all the paste formu-
lations, the rising and descending stress curves almost totally
overlapped. The Bingham model was used to analyse the
curves to determine the yield stress and the plastic Bingham
viscosity on the descending ramp.

Hydration kinetics
An isothermal calorimeter (TA Instruments TAM Air) was
used to follow the hydration kinetics of the cement pastes.

Pastes were first prepared by mixing at w/c =04 or 1-58 and
then introduced to the device. The calorimeter measured the
difference in heat flow between 5 g of cement paste and a refer-
ence (deionised water) at 25°C. Cement hydration is a globally
exothermic reaction and the heat flow curve can be divided
into different stages that are characteristic of the hydration
kinetics of ordinary Portland cement (Scrivener et al., 2015).

Some admixtured cement pastes were also studied by means of
XRD and aluminium NMR spectroscopy. Cement hydration
was stopped after 30 min of reaction by immersing the paste
(w/c=0-4 or 1-58) in isopropanol. After centrifugation and
removal of the solvent by evaporation, the hydrated cement
powder was recovered and then analysed with a Bruker D8
Advance diffractometer (CuKa, 1=0-154 nm). The angle of
the incident beam varied between 5° and 70°, with a measure-
ment duration of 30 min. X Pert High Score software was used
to process the diffraction patterns and crystals were identified
using the powder diffraction file database. Rietveld analysis
yielded the mass fractions of the crystalline phases present
in the cement. More specifically, the dissolution of gypsum
present in the anhydrous cement powder and the precipitation
of calcium aluminate hydrates (ettringite) formed at an early



age of hydration were followed. Furthermore, solid >’Al NMR
spectra were recorded using an NMR spectrometer (Bruker
Avance III 600 (11-4 T)) at a frequency of 156-:33 MHz and a
rotation magic angle spinning at 20 kHz on a zirconia (ZrO,)
rotor of 3:2 mm. A unique impulsion at z/12 was applied with
a recycle delay of 0-5 s. Chemical shift was displayed relative to
the shift of an aluminium chloride hexahydrate (AlCl;.6H,0)
solution (1 mol/l) at 0-0 ppm.

Results and discussion

Granular characterisation of cement powder and

paste without admixture

The granular characteristics of cement paste were compared
with those of cement powder using different techniques as the

protocol of paste preparation and suspending liquid might
modify the granular state of the dispersed system studied.

According to the SEM micrographs (Figures 3(a) and 3(b)),
the cement powder consisted of monomorphic angular par-
ticles due to the grinding process. The particle surfaces were
quite smooth, which is consistent with the low specific surface
of cement (below 1 m?/g according to BET theory). Moreover,
the particle diameter was in the approximate range 200 nm to
150 um, with a main mode close to 30 pm. Regarding mes-
ostructural organisation, the cement particles formed different
types of agglomerates. Colloidal particles tended to associate
with other colloids or on the surface of supracolloid particles.
Some examples of first- and second-order agglomerates are
illustrated in Figure 3(a).

Figure 3. SEM micrographs of clinker powder ((a) and (b)) and cement paste ((c) and (d)) (freeze-dried after 10 min of hydration)




After paste preparation, the particle characteristics were
similar to those in the powder (Figures 3(c) and 3(d)). The size
distribution, agglomerate structure and the surface of the
grains remained almost unchanged after 10 min of hydration.
However, a difference was observed due to cement hydration:
small hexagonal needle-like hydrates (0-1-1 um) had grown on
the grain surface (Figure 3(d)), which can be attributed to the
formation of ettringite (Shi et al., 2016; Xu et al., 2012).

The PSDs of the cement powder and paste were then analysed
using laser granulometry and compared with the SEM obser-
vations. Different media were used for the measurements (air,
ethanol, deionised water and synthetic pore solution) in order
to verify the potential impact of the paste preparation protocol
and choose the most appropriate liquid for further analysis
(Figure 4).

The PSD of cement powder in air was in agreement with the
SEM micrographs of the powder, with a maximum particle
diameter around 100 um. The mode around 1 pm indicates
the presence of a significant quantity of colloidal particles.
Ethanol allows analysis of cement powder without the risk of
hydration as ethanol is inert regarding cement reactivity. In
comparison with the distribution in air, the maximum particle
size remained the same, but fewer colloidal particles were
detected. In fact, the liquid seems to favour the agglomeration
of smaller particles on supracolloidal grains.

Likewise, for all the dilution liquids used, the supracolloidal
PSDs of the cement paste (1-100 pum) were in the same range
as the powder, but two differences were noted: fine supra-
colloids (1-15 pum) were less present in the deionised water
sample and the maximum particle diameter was smaller for
the synthetic pore solution (only 60 um). The large particles
(around 100 um) detected in deionised water and in ethanol
are probably agglomerates of supracolloids and not unit

g a

particles. Moreover, favoured cement grain hydration in the
presence of deionised water compared with ethanol did not
greatly change the granular characteristics of the paste. In fact,
the small hydrates observed on the SEM micrographs seem to
remain aggregated on the surface of supracolloidal particles
and do not modify size distribution.

In conclusion, the cement powder and paste dispersed for up
to 10 min in different liquid media presented similar granular
characteristics according to the laser granulometry measure-
ments. Changes in the PSD could have been expected due to
shearing during paste preparation. In fact, using focused beam
reflectance measurements, Han and Ferron (2016) observed
that the size of weakly linked agglomerates increases at a high
mixing speed. However, it should be pointed out that high
dilution rates as well as agitation during measurement might
hide differences in the dispersion states of the dilution liquids
(Williams et al., 1999). For practical reasons and in order to
obtain better control of the liquid medium, deionised water
was mainly used as the dilution liquid for further analysis. In
the presence of cement, deionised water rapidly acquires a
composition similar to pore solution.

Influence of TEA on the mesostructural organisation
of cement pastes

TEA interaction with cement

Measurements of TOC allowed the study of interactions
between TEA and cement grains. As shown in Figure 5, the
quantity of TEA measured in the pore solution of admixtured
cement pastes appeared to be the same as that initially intro-
duced into the formulation. Thus, at an early age of hydration,
TEA interacts poorly with cement grains. This property has
already been reported by other researchers using ionic chroma-
tography measurements (Tritthart and Héaussler, 2003). More
particularly, TEA adsorption has been observed to increase
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Figure 4. PSDs of cement powder and paste (after 10 min of hydration) in different media




slowly over time, only reaching complete adsorption after more
than 10 h corresponding to the sulfate depletion point (Gartner
and Myers, 1993; Menek and Heren, 2000; Zhang et al., 2016).

Accordingly, TEA cannot have an electrostatic or steric effect
as the molecule does not adsorb onto cement particles at
an early age. However, it can act in solution, by inducing dis-
persive depletion forces or forming complexes. Depletion
stabilisation has been reported for suspensions containing non-
adsorbing polymers at high concentrations (Kim et al., 2015;
Semenov and Shvets, 2015). TEA molecules might position
on grain surfaces, forming a lubricating film and favouring
particle dispersion. Moreover, TEA is known to favour the dis-
solution of some cations such as calcium, aluminium and iron
by complexation mechanisms (Heinz et al, 2010; Yilmaz
et al., 1993). The hydration of particular mineral phases can
then be favoured, which induces particle aggregation. Both
mechanisms will have an impact on the mesostructural organ-
isation and chemical reactivity of cement pastes.

Paste dispersion state

The influence of TEA on the dispersion state was studied by
observing diluted pastes under an optical microscope and by
measuring the PSD with a laser granulometer. If TEA favours
dispersion or agglomeration, the size distribution of cement
particles should be modified and be visually observable (Flatt,
2001).

Cement pastes diluted in synthetic pore solution were observed
10 min after the beginning of hydration. A reference cement
paste was compared to an admixtured paste, working at
a high dosage of TEA (0-60%) in order to exacerbate possible
changes in the paste. According to Figure 6(a), the cement
paste without TEA contained many supracolloidal and

20 -
//
2 2
7’
= Fd
B 15 - ’
] y
e o
2 L
@ 10 //
2 7’
< »
SN 5-
~ p
s
4
e
7’
O“ T T T 1
0 5 10 15 20

Tea introduced: g/|

Figure 5. Evolution of TEA concentration measured by TOC in the
pore solution after 10 min of hydration

settleable agglomerates, whereas the admixtured paste
(Figure 6(b)) contained many unit particles and almost no
settleable agglomerates. TEA thus appears to favour the dis-
persion of particles inside the paste. As the viscosity of the
TEA solution (1-27 Pa.s at 20°C) is equivalent to that of
water, this phenomenon is induced by interparticle interactions
and not by an evolution of pore solution characteristics. Since
TEA does not adsorb on cement grains, it might act by indu-
cing repulsive depletion forces in the pore solution.

Against all odds, regardless of the TEA dosage, the PSDs
measured by laser granulometry in deionised water were the
same as those of the non-admixtured cement paste. As micro-
scope observations indicated a dispersant effect of TEA, a
reduction in mean particle diameter was expected. It could be
that laser granulometry might not be suitable for studying
mesostructural organisation. In addition, the high sample
dilution and agitation of the sample during measurement
might have modified the paste dispersion state, thus obscuring
any differences between samples.

(b)

Figure 6. Micrographs of cement pastes prepared with (a) 0%
TEA and (b) 0-60% TEA and diluted in synthetic pore solution
after 10 min of hydration
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Settling behaviour

The mesostructural organisation of the cement paste was
studied indirectly by analysing the physicochemical stability of
pastes diluted in water (w/c=1-58) with the Turbiscan MA
2000 device. Visually, the presence of an interface between the
settling suspension and clear supernatant revealed a hindered
settling regime (Figure 7). Moreover, the sediment in formation
was homogenous over its entire height, whereas the super-
natant was clear and contained almost no particles. These
characteristics along the sedimentation column are typical of a
concentrated flocculated suspension where particles settle
cooperatively and independently of their size (Neubauer et al.,
1998). Thus, potential modifications of mesostructural organis-
ation were analysed by following the evolution of the relative
sediment height over time and calculating the associated sedi-
mentation velocity.

With an increasing TEA concentration in the paste, the sedi-
mentation velocity decreased, leading to the formation of a
less compacted sediment after 30 min of settling (Figure 8).
Between 0-20% and 0-40% TEA, the relative sediment height
increased significantly, indicating modifications in cement
hydration behaviour. For dosages higher than 0:60%, no
settling of the suspension was observed over the 30 min acqui-
sition and the paste was entirely stabilised. The stabilisation of
the paste with increasing TEA dosage could possibly be
induced by two mechanisms. On the one hand, TEA might
favour particle dispersion in the sedimentation column and
thus slow down the settling; in fact, the dispersant effect of
TEA was observed in diluted pastes (Figure 6). On the other
hand, TEA addition might also favour hydrate formation,
which would increase the solid volume fraction and fill in the
sedimentation column. Strong and accelerated ettringite pre-
cipitation could stabilise the paste. The study of paste chemical
reactivity could help differentiate these mechanisms.

Rheological behaviour

In order to study the dispersion state of admixtured pastes fur-
ther, rheological measurements were performed on undiluted
cement pastes (w/c=04). As the TEA dosage increased, the
yield stress and plastic Bingham viscosity of the paste
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Figure 8. Evolution of (a) relative sediment height (H/H,) and
(b) sedimentation velocity for pastes diluted in water with different
TEA dosages

significantly increased, as shown in Figure 9. Thus, cement
particles tend to agglomerate or aggregate in the presence of
TEA. As the dispersant effect of TEA was highlighted through
microscope observations, agglomeration of cement grains
seems improbable. A decrease in plastic viscosity with amine
addition would even have been expected. However, the precipi-
tation of hydrates could lead to an increase in the solid volume
fraction and, consequently, in viscosity.

It should be noted that the mesostructural organisation study
has been performed on quite different systems. For microscope
observation and physicochemical stability analysis, the paste
was diluted and cement particles were only subjected to gravity.
During rheological measurements, the paste was undiluted and
subjected to shearing. In fact, the particle concentration and
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Figure 9. Evolution of cement yield stress and plastic Bingham
viscosity for different TEA dosages

shearing rate have a strong influence on cement hydration
kinetics. When the w/c ratio is low, interparticle distances are
small and shearing between grains is increased (Berodier,
2015). The formation of nucleation sites can then be favoured,
which leads to the acceleration of cement hydration. As TEA
dosage increases, the precipitation of ettringite might be accel-
erated, leading to aggregation inside the paste and conse-
quently an increase in viscosity. On the contrary, in diluted
pastes, the chemical reactivity of the cement might be reduced
as interparticle distances increase. Therefore, the impact
of TEA on the dispersion state might prevail over hydrate pre-
cipitation. A study of cement chemical reactivity depending on
the dilution rate could help to understand the differences in
dispersion states in the presence of TEA.

Influence of TEA on the chemical reactivity of
admixtured cement pastes

Chemical reactivity at early age of hydration

During the first hour of hydration, a strong exothermic reac-
tion takes place, which is driven by cement dissolution and
ettringite formation. XRD allowed measurement of the quan-
tity of gypsum and ettringite present in the paste after 30 min
of hydration. At a w/c ratio of 0-4, the addition of TEA led to
accelerated consumption of gypsum and formation of ettrin-
gite (Figure 10(a)). In the XRD patterns (Figure 10(b)), the
intensity of peaks associated with ettringite increased while
the peak associated with gypsum at 11-7° totally disappeared
when 0-8% TEA was added to the cement in comparison with
the reference paste (w/c=0-4). Analysis of these samples by
27Al NMR also confirmed the accelerated consumption of
C;A and the precipitation of ettringite with amine addition
(Figure 10(c)). Indeed, the relative intensity associated with
ettringite at 13-4 ppm is higher for the sample containing 0-8%

TEA than the reference (Le Saout et al, 2006; Skibsted
and Jakobsen, 1998). Thus, TEA appears to increase cement
reactivity at an early age. The needle-like aluminate hydrates
growing on the grain surfaces or in solution (Figure 3(d))
increase the solid volume fraction in the paste and could be
responsible for the increase in plastic viscosity indicated by
rheology measurement. This intense hydration acceleration
might also hide the dispersant effect of TEA.

When the w/c ratio was increased from 0-4 to 1-58, gypsum
dissolution and ettringite formation was slowed down. Thus,
hydrate precipitation induced by TEA is less significant and
therefore the dispersant effect of the additive could prevail.
During settling, stabilisation of the sediment could be induced
by both cement grain dispersion and an increase in the solid
volume fraction due to ettringite precipitation.

To conclude, at an early age of hydration, TEA has a strong
influence on both mesostructural organisation and chemical
reactivity. Its action was illustrated and exacerbated by the use
of different dilution rates. At a w/c ratio of 0-4, the acceleration
of aluminate hydrates led to an increase in paste plastic visco-
sity and yield stress. Working on a diluted paste reduced the
activator effect of TEA and proved its dispersing power.

Hydration kinetics of cement pastes at 1 d

Over 90 min of hydration, the heat flow evolution of the
cement was strongly affected by both TEA addition and an
increase in w/c ratio (Figure 11). For the undiluted cement
pastes (w/c=0-4, Figure 11(a)), the addition of TEA acceler-
ated calcium aluminate hydration. In fact, calcium silicate and
aluminate peaks overlap at 10 h for TEA concentrations of
0-05% and 0-10%. At 0-20% TEA, the peaks still overlap and
the induction period is also lengthened. For dosages higher
than 0-40%, calcium aluminate hydration takes place during
the first minutes of reaction (peak not visible) before calcium
silicate hydration. As a consequence, the calcium aluminate
hydrates that have developed might inhibit the formation of
calcium silicate hydrates and retard the associated peak appear-
ance until later than 90 h (Han er al, 2015; Ramachandran,
1976; Yang et al., 2017; Zhang et al., 2016).

At the higher w/c ratio (1-58, Figure 11(b)), the same behav-
iour was observed. TEA addition accelerates calcium alumi-
nate hydration and increases the heat flow intensity of this
peak. At TEA concentrations above 0-40%, peak inversion
takes place. However, calcium aluminate hydration is less accel-
erated and calcium silicate hydration is less retarded than in
undiluted pastes. As pointed out in the discussion on paste
sedimentation, paste dilution increases interparticle distances,
which limits shearing between particles (Berodier, 2015). As
a consequence, less nucleation sites are formed on the grain
surfaces, which might slow down cement hydration from the
first minutes of the reaction until 90 h. Moreover, due to the
paste dilution, ion concentrations in the pore solution are
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Figure 10. (a) Mass fraction of gypsum and ettringite measured by XRD after 30 min of hydration (w/c=0-4 and 1-58). (b) XRD pattern
and (c) 2”Al NMR spectrum of reference paste and paste with 0-8% TEA (w/c = 0-4) after 30 min

modified. It might take more time for the chemical species
(e.g. portlandite) to reach supersaturation and precipitate.
Thus, the whole hydration kinetics could be slowed down.

It thus appears that TEA activates calcium aluminate
hydration significantly. This outcome is in line with the early-
age behaviour and with other studies performed on the impact
of TEA addition to cement (Ramachandran, 1976; Yaphary
et al., 2017). This acceleration might be linked to the com-
plexation ability of TEA. Indeed, some authors have noted the
formation of complexes between TEA and ferric, aluminium
or calcium ions (Heinz et al., 2010; Yilmaz et al., 1993; Zhang
et al., 2016). In particular, during the first minutes of hydrat-
ion, complexation of TEA with calcium ions from gypsum
might favour the dissolution of this anhydrous phase. As a
consequence, free sulfate ions liberated in the pore solution
can react with the aluminate phase to form ettringite. This
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acceleration of the aluminate phase hydration at an early age
might then continue at later ages, leading to an early appear-
ance of the sulfate depletion point.

Conclusions

The effect of TEA, a common cement additive, was studied by
correlating mesostructural organisation and chemical reactivity
of admixtured cement pastes. First, different granular popu-
lations and agglomerate types were identified in the cement
powder and paste using SEM and laser granulometry. In
a second step, the impact of TEA on the mesostructural organ-
isation of cement pastes was studied. TOC measurements
showed that almost no amine was adsorbed on cement grains
after 10 min of hydration. TEA probably has no electrostatic
or steric effect, but might rather act in solution. Observation of
diluted pastes under an optical microscope revealed that in the
presence of TEA the dispersion of cement particles was more
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Figure 11. Heat flow evolution of cement pastes with different TEA dosages at w/c ratios of (a) 0-4 and (b) 1-58

favoured than in the reference paste. Dispersion could come
from TEA’s ability to induce repulsive depletion forces.
Moreover, the addition of TEA significantly stabilised cement
pastes during settling and also increased paste viscosity.
This mesostructural organisation might be induced by favoured
particle dispersion and an increase in the solid volume frac-
tion due to the formation of hydrates. Lastly, the chemical
reactivity of admixtured cement pastes was analysed using
isothermal calorimetry and XRD. The addition of TEA sig-
nificantly increased the quantity of gypsum dissolved and
ettringite formed in undiluted cement pastes. At a higher w/c
ratio, cement hydration was significantly less activated by TEA
addition. At later ages, for both dilution rates, hydration of the

calcium aluminate phase was strongly favoured, leading to an
inversion of hydration peaks between calcium silicate and
aluminate phases. All in all, TEA addition favours paste stabil-
isation, probably by dispersion and/or aggregation, and accel-
erates hydration of the calcium aluminate phase. A combined
study of mesostructural organisation and chemical reactivity of
cement pastes thus appears to be necessary in order to under-
stand the mode of action of cement additives.
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