Cement and Concrete Research 42 (2012) 27-38

journal homepage: http://ees.elsevier.com/CEMCON/default.asp

Contents lists available at ScienceDirect

Cement and Concrete Research

Cement and
Concrete
Research

The effect of gyrolite additive on the hydration properties of Portland cement

A. Eisinas *, K. Baltakys, R. Siauciunas

Department of Silicate Technology, Kaunas University of Technology, Radvilenu 19, LT — 50270 Kaunas, Lithuania

ARTICLE INFO ABSTRACT

Article history:
Received 30 June 2010
Accepted 18 July 2011

Keywords:

Calorimetry (A)
Calcium-silicate-hydrate (C-S-H) (B)
Hydration products (B)

Ordinary Portland cement (D)
Gyrolite

The influence of gyrolite additive on the hydration properties of ordinary Portland cement was examined. It
was found that the additive of synthetic gyrolite accelerates the early stage of hydration of OPC. This
compound binds alkaline ions and serves as a nucleation site for the formation of hydration products (stage I).
Later on, the crystal lattice of gyrolite becomes unstable and turns into C-S-H, with higher basicity (C/S~0.8).
This recrystallization process is associated with the consumption of energy (the heat of reaction) and with a
decrease in the rate of heat evolution of the second exothermic reaction (stage II). The experimental data and
theoretical hypothesis were also confirmed by thermodynamic and the apparent kinetic parameters of the
reaction rate of C3S hydration calculations. The changes occur in the early stage of hydration of OPC samples
and do not have a significant effect on the properties of cement stone.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The early hydration kinetics of cement are of fundamental
importance to understanding the behavior of cement-based materials,
as they influence nano/microstructural evolution, setting time,
dimensional stability, strength development, and durability. Despite
the practical importance of the kinetics of cement hydration, early-age
reactions of cement-based materials remain imperfectly understood
[1-5]. Several mathematical models have been applied, however, to
characterize the hydration kinetics of the principal component of
Portland cement, C3S [6-8]. The mechanism of hydration of individual
cement components and that of cement itself has been a subject of
much discussion and disagreement [9-21]. It is known that as soon as
the C3S comes into contact with water a significant amount of heat is
generated because of the dissolution of species such as Ca?* and OH~
ions in the aqueous phase. This stage is called the preinduction period.
During the next few hours (the dormant, or induction, period), the
rate of hydration is negligible. This period is followed by acceleration
in the hydration process. The heat of hydration diminishes after about
10 h, during the deceleration stage.

Previous studies [17,22] have shown that the additive of
amorphous silica and natural pozzolana accelerates the early stage
of hydration of Portland cement and its individual compounds. The
authors propose that the increased rate of hydration may be due to
enhanced precipitation of hydration products on the surface of
pozzolan, which possibly serves as a nucleation site during the first
few hours, when it exists as chemically inert filler. It has been
suggested that the surface of pozzolans can adsorb many Ca2™ ions
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and that lowering the concentration of calcium ions accelerates the
rate of dissolution of CsS [17,22].

There are several hypotheses for the mechanisms responsible for
these stages [19-21,23].

Morin et al. [21] determined that the additive of ion-exchange resins
in a paste of C3S has a definite accelerating effect on early-age hydration.
This acceleration is related to the abundant formation of C-S-H nuclei
during the very first moments of the hydration process. In the longer
term and depending on the amount of resin added to the CsS,
contradictory results may be obtained: that is, either the hydration
process will slow down or, on the contrary, the degree of hydration of
the C3S will increase, compared with a reference sample without a resin
additive.

Thomas et al. [19] proposed that silica-containing materials first
react with calcium ions released by the dissolving cement or CsS to
form C-S-H, which then in turn seeds the hydration process. This
explains why the effectiveness of these additives in stimulating the
early hydration rate depends strongly on their solubility.

Hydration products of Portland cement are primary calcium silicate
hydrate gels (C-S-H), which are a mixture of poorly crystallized
particles. Thus, the properties of these gels are important for the
mechanical and chemical properties of cement based materials. C-S-H
gels are commonly formed via the hydration of C3S and 3-C,S, which are
the principal constituents of Portland cement clinker. In hardened
cement pastes, C-S-H gels are nanoheterogeneous, showing variable
composition on a micrometric scale [24].

The calcium silicate hydrates are an important group of silicate
minerals with compositions varying over a large Ca0/SiO, (C/S) range
(0.44-3.0) and crystallographic structures ranging from amorphous to
well-crystalline [24-28]. Among the different silicate minerals, calcium
silicate hydrates are the prime candidates for heavy metal binding
because of their abundance and appropriate structure [29-31].
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Table 1
Chemical and mineralogical composition of clinker.

Oxides Si0y Aly03 Fe,03 Ca0 MgO Na,O K0 S05~ Ignition of losses Insoluble particles
Amount, % 19.72 5.41 4.21 62.76 341 0.16 1.08 2.08 0.93 0.24

Minerals 3Ca0-Si0, 2Ca0-Si0, 3Ca0-Al,03 4Ca0-Al,053-Fe,03

Amount, % 63.19 8.89 7.21 12.81

Presumably, that gyrolite (Ca;6Si»4Os0(OH)g - 14 + xH,0) will have a
better sorption capacity than other calcium silicate hydrates because the
interlayer sheets in the structure, with a thickness of about 2.2 nm (one
of the largest in all the calcium silicate hydrates group) are available for
the intercalation of a new guest by controlling the charge of the host
[32]. Gyrolite rarely occurs as a natural mineral in association with
zeolites and often forms nodular aggregates. These aggregates can
appear glassy, dull or even fibrous. One of the reasons that the properties
of gyrolite have not been analyzed in detail is that the synthesis of this
compound is complex, and it is still rarely applied in practice [32-37].
Some published works indicate that it is suitable for cleaning water from
heavy metal ions, and its cation exchange capacity is better that of
natural zeolites [38-41]. Therefore, gyrolite with substituted ions can be
utilized in mixtures with Portland cement, but the influence of this
compound on the properties of cement paste is unknown.

The main objective of the present work was to examine the influence
of synthetic gyrolite additive on the hydration of Portland cement.

2. Materials and methods
2.1. Materials

In this study the following reagents for gyrolite synthesis were
used as starting materials: fine-grained SiO,-nH,0 (“Reaktiv”, Russia,
ignition losses 21.28%, specific surface area S,=1155 m2/kg) and
calcium oxide (CaO was burned at 950 °C for 0.5 h; S, = 548 m?/kg;
purity, 96%).
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Samples of ordinary Portland cement were prepared in a laboratory
grinding mill by grinding cement clinker (JSC “Akmenes cementas”,
Lithuania) with a 4.5% additive of gypsum (“Sigma-Aldrich”, Germany)
up to S, =450 m?/kg. The chemical analysis and phase composition of
clinker are shown in Table 1.

2.2. Manufacture of synthetic gyrolite

Pure gyrolite was synthesized in the hydrothermal conditions after
48 h at 200 °C temperature from a stoichiometric composition (C/
S=0.66) of calcium oxide and SiO;nH,O mixture. Dry primary
mixture was mixed with water in the vessels of stainless steel
(water/solid ratio of the suspension W/S=10.0). These synthesis
conditions were chosen according to previously published data [36].
The product was filtered off, dried at 5045 °C, and put through a
sieve with an 80-pm mesh.

2.3. Isothermal calorimetry

An eight channel TAM Air III isothermal calorimeter was used to
investigate the heat evolution rate of OPC and OPC blended with 2.5%,
5% or 7.5% by weight of gyrolite. Glass ampoules (20 ml) each
containing 3 g dry cementitious material were placed in the
calorimeter and the injection units for each ampoule filled with
amounts of water equivalent to a W/(OPC + additive) ratio of 0.5.
After a steady temperature of 25 °C had been reached, the water was
injected into the ampoules and mixed inside the calorimeter with the
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Fig. 1. X-ray diffraction pattern (a), STA curves (b, curve 1 — TG; curve 2 — DSC) and FT-IR spectrum (c) of pure gyrolite. The duration of hydrothermal synthesis at 200 °C is 48 h.

Indexes: G — gyrolite.
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Table 2
Calculated parameters of gyrolite specific surface area (Sger).
Sample mass BET equation Capacity of  Specific Constant Reliability
m,g constants monolayer surface  Cger = ﬁ coefficient
_ — 1 .
Slope  Intercept Xn = 5571:8 glea F
S=tga I oz
& m?/g
0.1127 437.83 0.9485 0.0023 71.02 462.603 0.9991

dry material for 20 s (frequency 2-3 s~ !). The heat evolution rate was
then measured over a period of 72 h. Repetition of the measurements
showed deviations in total heat below 3% for samples of similar type.
Apart from the first minutes of water additive and mixing, the heat
evolution rates were essentially identical.

2.4. Compressive strength of OPC samples

Samples for compressive strength analysis (prisms 4x4x 16 cm)
were formed following the standard EN 196-1 (the ratio of cement
and sand was 1:3 by weight). Gyrolite was added as a partial
replacement of the OPC at levels of 0%, 2.5%, 5% and 7.5% by weight of
the total cementitious material. Therefore the water and cement ratio
(W/C) of all OPC samples was equal to 0.5. During the first day, the
samples are kept in molds at 2041 °C and 100% air humidity. After
24 h of formation, the samples were transferred into distilled water
and stored there for 6, 27 and 83 days at 20+ 1 °C. Hydration of
samples was stopped by using acetone. After hardening the samples
were crushed to powder, dried at the temperature of 50 + 5 °C and put
through a sieve with an 80-um mesh.

2.5. Analytical techniques

The surface area of synthetic gyrolite was performed by a BET
surface area analyzer “KELVIN 1042 Sorptometer” (Costech Instru-
ments). The specific surface area of gyrolite was calculated by the BET
equation using the data of the lower part of N, adsorption isotherm
(0.05<p/p0<0.35):

p 1
SFo ,
Po Xm.C

1 -1
X, C

X(-1)  Xn
where X is the mass of adsorbate, adsorbed on the sample at relative

pressure p/po, p the partial pressure of adsorbate, py the saturated
vapor pressure of adsorbate, X;;, the mass of adsorbate adsorbed at a
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Fig. 2. The isotherm of N, adsorption by gyrolite at 77 K in BET plot.

coverage of one monolayer, C is a constant which is a function of the
heat of the adsorbate condensation and heat of adsorption (Cggr is a
constant).

Compressive strength of the samples was performed with “ELE
International 250 kN Automatic Cement Compression Machine, EL39-
1501/01 Autotest250” press. The data of compressive strength test
were calculated as the arithmetic mean of the six individual results,
each expressed at least to the nearest 0.1 MPa, obtained from the six
determinations made on a set of three prisms.

The X-ray powder diffraction (XRD) data were collected with a
DRON-6 X-ray diffractometer with Bragg-Brentano geometry using
Cu K, radiation and graphite monochromator, operating with the
voltage of 30kV and emission current of 20 mA. The step-scan
covered the angular range of 2-60° (26) in steps of 20 =0.02°. The
quantitative analysis (QXRD) of the phases in the samples was carried
out with the Rietveld method (software Autoquan) by using XRD data.

The specific surface area of the raw materials was determined by
the Blaine's method with air permeability apparatus (Model 7201,
Toni Technik Baustoffprufsysteme GmbH).

Simultaneous thermal analysis (STA: differential scanning
calorimetry — DSC and thermogravimetry — TG) was also employed
for measuring the thermal stability and phase transformation of
samples at a heating rate of 15 °C/min, the temperature ranged from
30 °C up to 1000 °C under air atmosphere. The test was carried out
on a Netzsch instrument STA 409 PC Luxx. The ceramic sample
handlers and crucibles of Pt-Rh were used.

FT-IR spectra have been carried out with the help of a Perkin Elmer
FT-IR Spectrum X system. Specimen was prepared by mixing 1 mg of
the sample with 200 mg of KBr. The spectral analysis was performed

in the range of 4000-400 cm ™! with spectral resolution of 1 cm™".

3. Results and discussion
3.1. Characterization of synthetic gyrolite

The results of XRD studies confirmed that in the CaO-SiO,-nH,0-
H,0 system within 48 h at 200 °C, pure gyrolite was synthesized
(Fig. 1, a).

On the DSC curve at 145 °C the broad endothermic peak is related
to the loss of physisorbed and interlayer water from the crystal
structure of gyrolite. The second exothermic peak (853 °C) is
associated with recrystallization of this compound into wollastonite
(Fig. 1, b).

All of these data were confirmed by method of FT-IR spectroscopy,
which can be used to distinguish gyrolite from other calcium silicate
hydrates. A sharp peak near 3635 cm™!, which is visible only in the
gyrolite spectrum, proves that clearly distinguished OH positions exist in
the structure of gyrolite, which are connected only with Ca atoms and are
not influenced by hydrogen bridge links. A wide band near 3457 cm ™!

Fig. 3. Heat evolution rate of OPC samples during the early stage of hydration. Amount
of additive, wt.%: 1 — 0; 2 — 2.5;3 — 5;4 — 7.5.
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means the opposite that molecular water forms hydrogen bridge links in
the interlayers. The bands in the range of 1636 cm™! frequency are
assigned to 6(H,0) vibrations and confirm this presumption. Also, it was
determined a doublet near ~590 and ~612cm™' due to Si—0-Si
bending vibrations, the band at ~973 cm ™! due to the Si- O stretching
mode of nonbridging oxygens, and the band at ~645 cm ™" due to the
Si—0O-Si bonds (Fig. 1, c).

The calculated parameters of the specific surface area (Sgger) of
synthetic gyrolite are shown in Table 2. It was determined that a
stable monolayer of absorbed N, was formed on the surface of gyrolite
(Fig. 2).

The BET equation gives a linear plot in the range of relative
pressures 0.05 <p/po<0.30 (Fig. 2). Straight line was obtained for the
gyrolite sample in BET coordination W — pﬂg, and the straight-

X|{|— -1
5)

line correlation coefficient R? was equal to 0.9991 (Fig. 2).

It was found that gyrolite is a mesoporous material. Its specific
surface area is found by Sger = 71.02 m?/g, and the radius of dominant
plate pores is r,=8-9 nm.

3.2. Heat flow of cement paste. Adsorption properties and stability of
gyrolite

The rate of heat evolution was calculated on the basis of a unit weight
of ordinary Portland cement (OPC): thus, the rates can be compared
with each other, and the contribution from the amount of gyrolite can be
separated. The rate of heat evolution (W/gopc) and the cumulative heat
of hydration (J/gopc) data of the binary blended pastes are presented in
Figs. 3, 5, 6 and 7. The heat of hydration curves for pure OPC and OPC
with additives show the typical five stages of the hydration reaction (the
initial reaction, the induction period, the acceleratory period, the
deceleratory period, and the period of slow continued reaction) as
described in the literature. In the initial reaction, there is a rapid
evolution of the heat culminating in a peak within the first 1-2 min. This
was ascribed to the effects of the heat of wetting of the cement and
hydration of free lime. In the first few minutes of hydration, there was a
rapid release of Ca®", OH™, H,Si04~, SO3~, and alkali ions from the
cement compounds. It should be emphasized that hydration at this
stage is accelerated by gyrolite because the first peak of all samples with
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Fig. 4. Differential (a) and integral (b) kinetic curves of Ca(OH), adsorption by gyrolite
at 25 °C.

Table 3
The main characteristics of thermal effects typical of gyrolite and portlandite.
Onset, Peak, Area, Weight
°C °C J/g loss (%)
Duration of adsorption with endothermic
peak at 140 °C, min
0 109 136 309 3.61
1 111 135 303 3.55
2 110 136 29.8 3.79
3 112 137 30.1 3.50
5 109 134 30.6 3.61
7 110 136 30.8 3.53
Duration of adsorption with endothermic
peak at 450 °C, min
0 382 421 23282 2434

380 419 3275 341
379 420 285.9 3.00
380 417 264.6 2.77
380 419 251.2 2.63
381 420 238.7 2.50

N oUW N =

this additive produces an increase of the maximum heat evolution rate
relative to OPC, and this effect grows as the gyrolite level increases
(Fig. 3).

Presumably, the additive of gyrolite accelerates the early stage of
hydration of OPC and its individual compounds because of the
adsorption reaction with both alkaline and calcium ions. For this reason,
lowering the concentration of Ca™ ions in the solution accelerates the
rate of dissolution of CsS. This aspect is in good agreement with the
dissolution theory proposed by Juilland et al. [44] since the consumption
of Ca®™ will keep a low undersaturation and therefore enable a higher
rate of dissolution.

To show the adsorption properties of gyrolite, a mixture of gyrolite
and portlandite (CH) with a molar ratio of C/S of 1.75, which
corresponds to the main hydration product (calcium silicate hydrate
gel), was prepared. Adsorption experiments were carried out at 25 °C
in a Grant SUB14 thermostatic absorber by stirring 0.5 g of mixture in
a aqueous solution (W/S — 10.0) for 1, 2, 3 or 7 min. Also, it was
calculated that the initial mixture contained a 25.62% excess of
calcium ions according to Ca(OH), solubility (1.13 g Ca0/1000 g H,0).
It is known that CH can exist in both crystalline and amorphous form
during hydration of cement minerals. Various authors have shown
thermal analysis techniques to be very reliable for estimating the CH
content of set Portland cement [42,43]. In the present study, STA has
been used to estimate the CH content at different times of adsorption.

Fig. 4 shows the adsorption capacity of gyrolite for CH after
different times of the adsorption process. There is a clear trend toward
an increment in the quantity of calcium ions in the gyrolite structure
with prolonged adsorption time.

It has been noted that the intrusion of calcium ions proceeds
intensively in the first minute of the adsorption process. The amount
of adsorbed Ca2™ ions in the crystals lattice of gyrolite after 1 min is
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Fig. 5. Heat evolution rate of OPC samples for the following amounts of additive, wt.%: 1
—0;2—-253-54—175.
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Fig. 6. The influence of the amount of gyrolite on the rate of heat evolution of OPC
samples for the following amounts of additive, wt.%: 1 — 0; 2 — 2.5; 3 — 5; 4 — 7.5.
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Fig. 7. The differences between heat evolution of samples of pure OPC and OPC with the
additive of gyrolite for the following amounts of additive, wt.%: a — 2.5; b — 5; c — 7.5.

182 mg Ca(OH),/g (Fig. 4). With a longer adsorption process, the
reaction rate greatly decreases, and after 7 min, the amount of Ca2™
ions incorporated into the crystal structure of gyrolite grew only to
248 mg Ca(OH),/g (Fig. 4).

During adsorption, interlayers of gyrolite structure are evidently
sufficiently porous that calcium ions can migrate through them until

equilibrium of the C/S ratio is reached. It should be noted that adsorption
proceeds very quickly, and the limiting factor of this process is solubility
of initial compounds in the solution. Incidentally, the initial reactions of
OPC hydration are also rapid.

It was determined that the adsorption reactions are not a reversible
process and are specific to the chemisorption process. To confirm this
fact, after the adsorption process (25 °C, 7 min), the Ca-substituted
gyrolite was dried and immersed in distilled water. It has been observed
that Ca%™ ions are not released from the crystal lattice of gyrolite into
solution during desorption.

In order to identify the stability of gyrolite, the products of adsorption
were characterized by the STA method. It was determined that during
the adsorption process, the identified area of endothermic effect at
140 °C does not change and it is equal to ~30.4 J/g (according to the
linear method). It is clearly visible that the area of endothermic effect
typical of CH decomposition at 420 °C decreased from 2328.2 J/g to
~238.7]/g (Table 3).

The main characteristics of the thermal effects and mass losses
mentioned here are presented in Table 3.

It should be noted that at the beginning of the adsorption process,
the crystal structure of synthetic pure gyrolite is stable in CH solution
when the molar ratio of C/S is equal to 1.75. The influence of the
gyrolite and OPC replacement levels on the very early (induction
period) rates of hydration is presented in Fig. 5. The induction period
associated with pure OPC paste hydration is about 2.5 h, compared
with only 20-30 min for a sample with 7.5% gyrolite.

Thus, in the samples with gyrolite, the induction period is
effectively eliminated because this compound serves as a nucleation
site (for growing C-S-H and CH on the surface of the particles of
gyrolite) for the formation of hydration products.

The present results are only in partial agreement with the data of
Thomas et al. [19], which discussed a general theory by which fine
additives such as silica fumes, colloidal silica, and especially pure C-S-H
stimulate the nucleation and growth kinetics by seeding the hydration
reaction. In general, such additives increase the size (i.e. height and area)
of the main hydration peak. Meanwhile, in our case, it was determined
that gyrolite decreases the heat evolution rate of the second exothermic
reaction, and as the amount of this additive increases in the samples, the
accelerating effect begins earlier: from 2 h in samples with 7.5% additive
to 4.5 h in pure OPC samples (Figs. 5 and 6).

Presumably, the decrease in the rate of heat evolution is associated
with destruction of the crystal lattice of gyrolite (stage II) (Fig. 7). The
experimental data and theoretical hypothesis were also confirmed by
thermodynamic calculations. They were carried out using the method
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Fig. 8. Variation of C/S molar ratio (a) and X-ray diffraction pattern (b) of the gyrolite and CH mixture at an initial molar ratio of C/S=1.75, W/S=10.0, t =25 °C, and the following
durations of hydration, h: 1 — 0 (after mixing); 2 — 5; 3 — 10. Indexes: G — gyrolite; Gg — gyrolite gel; P — portlandite; C — calcium silicate hydrates (C/S ratio in this phase varies

from 0.8 to about 1.3); D — calcium silicate hydrates (C/S: 1.3-2.0).
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Fig. 9. The influence of gyrolite amount on the cumulative heat of OPC samples when
the amount of additive was as follows, wt.%: 1 — 0; 2 — 2.5; 3 — 5; 4 — 7.5.

of V. . Babushkin et al. [45]. From a thermodynamic point of view, the
quantity of cumulative heat of OPC sample hydration is sufficient to
destroy the crystal structure of gyrolite because the enthalpy of this
compound is AHy= —4914.42 k]/mol. These facts allow us to state
that at the beginning of the experiments, the crystalline part of
gyrolite remains stable, and only after 8-9 h of hydration does this
compound recystallizes into C-S-H with higher basicity (C/S~0.8).
This effect is clearly visible in Fig. 8, a, which shows a variation of the
C/S molar ratio of the hydration products when the initial mixture
consists of gyrolite and CH with C/S = 1.75. It was calculated that after
10 h of hydration, the C/S molar ration of products grows to C/S=1.23
(Fig. 8, a). These data were confirmed by XRD results (Fig. 8, b). It
should be noted that after 10 h of hydration, the main diffraction peak
with d-spacing of 2.231, characteristic of gyrolite, was not identified.
In the dominant products were semicrystalline calcium silicate
hydrates with a C/S ratio of 0.8-2.0. Also, this phenomenon was

confirmed by a decrease in the rate of heat evolution (stage II) (Fig. 7).

At later stages of hydration, gyrolite affects in the OPC hydration as
the usual pozzolanic additives because the amount of cumulative heat
grows with the increasing amount of gyrolite in the samples (Fig. 9).
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3.3. Quantity of portlandite in the cement paste

In order to prove a positive influence of gyrolite on CH formation,
the quantity of the latter compound was determined in the hydration
products. For this reason, the heat evolution experiments were
repeated at different time period under normal conditions. Hydration
of samples was stopped by using acetone. Later on, the samples were
crushed to powder, dried at the temperature of 5045 °C and put
through a sieve with an 80-um mesh.

Fig. 10 shows DSC, TG and DTG curves of samples of pure OPC and
OPC with gyrolite additive after 2 h (beginning of the acceleration period
in OPC samples with 7.5% gyrolite) and 5 h (beginning of the acceleration
period in pure OPC samples) of hydration.

The data obtained show the significant differences between mass
losses typical of Ca(OH), in the temperature range of 400-475 °C after
only 2 h of hydration of all samples: as the amount of gyrolite in the
samples increased, the mass losses grew from 0.27% (1.11% of Ca
(OH),) to 0.89% (3.66% of Ca(OH),), respectively (Fig. 13). These data
are in good agreement with the DSC results (Table 4).

Although TG curves are similar in shape, significant differences can
be observed in both DSC and DTG profiles of portlandite decomposi-
tion. The dehydration profile of portlandite from OPC with additive
samples is broader than the corresponding profile from pure OPC and
exhibits lower onset temperature (Fig. 10, curve 1, 420 °C and 430 °C,
respectively). Portlandite peak decomposition temperatures shift to
higher temperatures (from 447 °C to 451 °C) in samples with additive.
Presumably, that this trend depends on morphology of portlandite
crystals. The same effect was observed after 5 h of hydration (Table 4).
In this case, the mass losses increased from 0.60% (2.47% of Ca(OH), in
pure OPC samples) to 1.4% (5.76% of Ca(OH), in samples with 7.5% of
additive). After 5h, DSC and DTG profiles of portlandite from all
samples follow a trend similar to that after 2 h of hydration. Also, with
an increasing amount of gyrolite in samples, the decomposition peak
of portlandite shifts to higher temperatures (DSCpax from 449 to
452 °C; DTGax from 438 to 442 °C).
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994 3
r -0.1
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90 T T -0.5
400 425 450 475
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= 1 -03 g
el
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90 I 451 : Endo 05
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Fig. 10. DSC (curve 1), TG (curve 2) and DTG (curve 3) curves of samples of pure OPC and OPC with gyrolite additive after 2 h of hydration with the following amounts of additive,

wt%:a—0;b—25¢c—5d—75.
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Table 4
Quantity of portlandite in the cement paste during hardening.

Table 5
Unreacted C3S quantity as a function of amount of gyrolite additive and time of
hydration.

Duration of ~ Amount of  Data according to Data according to
hydration, h  additive in the TGA method the DSC method Hydration C5S residue quantity (parts of the unit) and amount of
saurgpglicof% Mass losses at ~ Wicq Peak area at Wica time (h) gyrolite additive (%)
p "®400-475°C, % (omy%  400-475°C,J/g  (omp% 0% 2.5% 5% 7.5%
2 0 0.27 1.11 118.61 1.24 2 0.92 0.70 0.68 0.64
2.5 0.45 1.85 175.05 1.83 5 0.88 0.68 0.65 0.63
5 0.57 234 219.05 229 9 0.63 0.63 0.60 0.60
75 0.89 3.66 352.01 3.68 12 0.56 0.55 0.54 0.53
5 0 0.60 247 240.09 2.51
25 0.82 337 323.31 338
5 1.16 477 448.62 4.69
75 1.40 5.76 551.93 5.77 It was determined that after 2 h of hydration, only 8% of CsS reacts
9 0 124 509 481.14 5.03 in pure OPC samples (Fig. 12). The further reduction of its quantity
25 1.55 6.38 613.15 6.41 depends on duration of hydration (Table 5).
5 1.57 6.44 615.06 6.43 o . o . . .
75 165 677 63993 6.69 Meanwhile, in samples with 7.5% gy?ollte additive, 0.3§ of this
12 0 178 731 701.15 7.33 compound was reacted after only 2 h (Fig. 12). It was noticed that
25 1.81 744 70498 7.37 gyrolite stimulates the earliest CsS hydration in all samples. It was
5 1.82 749 71933 7.52 determined that after 12 h in all samples, there remained almost the
75 1.88 7.73 743.24 7.77

Results of XRD confirm these results and show that increasing the
quantity of portlandite in the samples increases the intensity of the
peaks (Fig. 11).

3.4. Kinetics and modeling of the hydration process

The kinetics of cement hydration is concerned with the relation-
ships between the degree of hydration o and the age T and with the
factors that influence them. It is known that a may relate either to an
individual phase or to the cement as a whole. Because cement is a
mixture of phases that react at different rates, there are problems in
determining, and even in defining, o for the whole cement.

In this report, o was obtained by summing the amounts of C3S that
have reacted after heat evolution experiments at different time period
under normal conditions. Firstly, the quantity of unreacted C3S was
determined by QXRD (Table 5). The quantity of C3S was calculated from
the intensity change of the basic reflection (d-spacing — 0.2604 nm).
Each calculation was done five times, and it was determined that their
data declined no more than 4+ 5% from the mean. CsS quantity in the
mixtures of pure OPC and OPC with additives (before hydration) was
equal to 100% (Fig. 12, Table 5).

Relative intensity a.u.

17 17.5 18.5 19

18
2 9, deg.

Fig. 11. The change of the main diffraction peaks of Ca(OH), (d-spacing — 0.489 nm)
after 5 h of hydration for the following amounts of additive, wt.%: 1 — 0;2 — 2.5; 3 — 5;
4 —175.

same quantity of this compound (0.56-0.53, Table 5).
According to the kinetic equation of chemical process [46], the
reaction rate kapp, increases due to f{c)"variation:

W= % =k(f()"), 1)

" is the influence of

where k is the constant of reaction rate, f(c)
reagents concentration on the reaction rate (W).

Linear form of Eq. (1) is:

InwW=Ink,, +n

app. app. 'll‘l(Xo —X_), (2)

where W= dX/dr is reaction rate as reacted amount of CsS, kapp, is the
apparent reaction rate constant, n,pp, is apparent order of reaction, X,
is initial amount of C3S, and X is residual amount of C3S at reaction
time T.

On the basis of the data obtained (Table 5), apparent kinetic
parameters of the total process of C3S hydration were calculated
(Fig. 13) according to the second equation.

It was established that the process rate as a function of (X, — X-) in
logarithmic plot gives a straight line (Fig. 14).

The slope and intercept of these plots determine the values of napp,
and Ink,,,,, respectively. The values of reaction order and rate constant
are given in Table 6.

1 — area of peak — 128.9 a.u.
2 — area of peak — 94.9 a.u.

3 —area of peak — 89.3 a.u.
4 — area of peak — 82.2 a.u.

Relative intensity a.u.

T T
33 33.5 34 34.5 35
2 9, deg.

Fig. 12. The change of the main diffraction peak of C5S (d-spacing — 0.260 nm) after 2 h
of hydration with the following amounts of additive, wt.%: 1 —0;2 —2.5;3 —5;4 —7.5.
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Fig. 13. Kinetic curves of residual amount of C5S (X,-X;) (a) and amount of reacted C3S
(b) during OPC hydration with the following amounts of additive, wt.%: 1 — 0; 2 — 2.5;
3-54—-175.
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Fig. 14. Reaction rate of C3S as a function of (X,—X:) in logarithmic plot during OPC
hydration. a — pure OPC (1 curve); b— OPC with gyrolite additive, wt.%: 2 —2.5,3 — 5,4 — 7.5.

The data obtained led us to conclude that additive of gyrolite
changed the apparent kinetic parameters of the reaction rate of C3S
hydration. The following apparent kinetic parameters of mentioned
process were estimated: when the amount of gyrolite was increased
in the OPC samples, the reaction order n,,, grew about 2.5 times
(from 0.288 to 0.716), and the reaction rate kapp, increased about 2
times (from 3.88 to 8.11), (Fig. 14, Table 6).

Table 6
Apparent kinetic parameters of reacted C3S during OPC hydration.

02 0.7 1.7 22 2.7

1.2
In(t—1,)

Fig. 15. Determination of n and k using the Avrami model in logarithmic scale during pure
OPC hydration (1 curve) and OPC with gyrolite additive, wt.%: 2 — 2.5,3 — 5,4 — 7.5.

In order to describe the mechanism of OPC samples hydration, the
calculated apparent kinetic parameters were fitted in the common
hydration models. The most suitable model of OPC hydration is the
one whose equation yields a straight line in linear form. It’s known
that hydration OPC process occurs by nucleation and growth, as well
as by diffusion [2-8]. Therefore, the early-age hydration rate for C3S
was calculated according to two models: the Avrami (sometimes also
denoted as the “JMAK” model) nucleation and growth model and the
Jander diffusion model.

A general form of Avrami equation can be written as:

— In(1—a)™ = ky(t—t,), 3)

where a is the reacted fraction, k is the constant of reaction rate, t is
time, t, is the induction time and n is a constant. Linear form of Avrami
equation is:

Ink, 1 B
T n In(t—ty), 4)

In(— In(1—a)) = —

Fig. 15. shows a plot of the Avrami equation in logarithmic scale.
From the slope of the resulting line the reaction order n, was
calculated (Table 7). Knowing n,, a mean value for k, can be obtained
by calculating the reaction rate constant during OPC hydration with
different amounts of gyrolite additive (Table 6).

Based on the Jander’s model, the hydration reaction can be written
as:

(1-1-9)')" =k, (5)

where, a is degree of hydration, k; is the constant of reaction rate, t is
hydration time, and n;, varies according to type of reaction governing
the process. The value of n is calculated by plotting In(1— (1 —a)'/?)
vs. In(t) and determining the slope (1/n;.). When n; <1 the process
occurs through nucleation, when n; =1 by phase boundary kinetics
and when n; = 2, by diffusion.

Fig. 16 shows the application of the Jander equation to the
experimental data, while Table 8 summarizes the kinetic parameters.

It was determined that by using Avrami equation, the coefficient of
determination R? (0.99) is acceptable only for pure OPC samples.
Upon increasing the amount of gyrolite in the samples, the coefficient

Table 7
Apparent kinetic parameters of reacted C3S during OPC hydration calculated by Avrami
model.

Amount of additive, % 0 25 5 7.5 Amount of additive, % 0 2.5 5 7.5

kapp. 3.88 6.28 7.07 8.11 ka. 0.069 0.016 0.009 0.013
Napp. 0.288 0.588 0.650 0.716 n, 0.866 0.292 0217 0.253
R? 0.972 0.993 0.993 0.997 R? 0.990 0.901 0.888 0.893
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Fig. 16. Determination of n and k using the Jander model in logarithmic scale during pure
OPC hydration (1 curve) and OPC with gyrolite additive, wt.%: 2 — 2.5,3 — 5,4 — 7.5.

determination R? appeared to be significantly lower (from 0.901 till
0.888). Meanwhile, it was estimated that by using Jander equation,
the coefficients of determinations R? are acceptable not only for pure
but also with additive OPC samples. Moreover, in pure OPC samples,
the constant n; is less than 1, indicating the reaction occurs by a
nucleation kinetics. However, in OPC samples with gyrolite additive,
the n; values are >2, a value typical for diffusion controlled processes.

On the basis of the obtained results it can be assumed that gyrolite
additive has effect on the OPC hydration mechanism.

3.5. Peculiarities of the process mechanism

As mentioned above, in the first few minutes of hydration (stageI),
some of the alkaline and alkaline earth ions penetrate into the gyrolite
structure, causing the dissolution of individual phases of cement to
proceed faster. In order to prove penetration of mentioned ions, the
adsorption properties of gyrolite were determined (Table 9). For this
reason, the heat evolution experiments were repeated at different
time period (1, 3, 5, 7 and 10 min) under normal conditions. A liquid
phase during OPC hydration was collected by vacuum filtration. Due
to adsorption properties of gyrolite, both AI**(<0.005 mg/dm?) and
Fe3* ions (<0.045 mg/dm?®) were not identified in the liquid phase of

Table 8
Apparent kinetic parameters of reacted C3S during OPC hydration calculated by Jander
model.

Amount of additive, % 0 2.5 5 7.5

k;. 0.007 0.389 0.875 0.959

n;, 0.646 2.455 3.772 3.961

R? 0.958 0.950 0.926 0917
Table 9

Dependence of AI’*, Ca?* and Fe>* ions concentrations on duration of hydration.

Duration of Pure OPC samples OPC with 7.5% gyrolite
hydration, min. additive samples
Al3+ Ca2+ Fe3+ Al3+ Ca2+ Fe3+
mg/dm®> mg/dm?® mg/dm®* mg/dm?® mg/dm® mg/dm?3
1 <0.005 660.2 <0.045 <0.005 585.3 <0.045
3 580.9 574.6
5 495.7 576.9
7 485.1 0.134 586.1
10 535.6 0.108 594.1

(
OPC + water >,

stage I < Ads9rpti0n of Products of

ions hydration
Gyrolite
\
. Recrystallization of

stage II{ = \:;/rgfil:);nirsle‘roi 5 > gyrolite into CSH

Y with C/S~1.75

Fig. 17. Peculiarities of the hydration mechanism.

OPC samples with gyrolite additive. Also, a smaller amount of Ca?™
ions was observed at the beginning of hydration. It should be
underlined that in pure OPC samples Fe*>* ions (0.134 mg/dm>)
were identified after 7 min of hydration (Table 9). Thus, the obtained
results allow us to state that at the beginning of hydration alkaline
ions penetrates into the gyrolite structure.

At later time, the added gyrolite acts as a nucleation site for
hydration products. Incidentally, gyrolite is a metastable compound
that recystallizes into C-S-H with higher basicity (C/S~0.8).

This process is schematically shown in Fig. 17, which shows a
hypothesis of the suggested mechanism.

3.6. Effects of gyrolite on compressive strength of OPC

To evaluate the quality of OPC samples, the influence of synthetic
gyrolite additive on the strength properties of OPC was determined.
The results are shown in Fig. 18.

It was determined that gyrolite plays a dual role in the strength
properties of cement paste: with a greater amount of additive, the
intensive C3S hydration reaction starts earlier, but on the other hand,
it is not cementitious material; that is, this additive by itself has no
binding properties. Thus, after 7 days of hydration, the maximum
compressive strength (52 MPa) was shown by samples of OPC with
2.5% gyrolite additive, while the compressive strength (45 MPa) of
samples containing 5% and 7.5% gyrolite remained only slightly higher
than that of OPC samples (Fig. 18). After 28 and 84 days of hardening
the samples containing any amount of gyrolite had a higher
compressive strength than OPC samples.

40.0

Compressive strength (Mpa)
(38
(98]
~
[\
w2
~
[\S]
(98]
~

0.0 T T
7 28 84

Curing time (days)

Fig. 18. Compressive strength of OPC samples vs. curing time with the following
amounts of additive, wt.%: 1 — 0; 2 — 2.5;3 — 5; 4 — 7.5.
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Fig. 19. X-ray diffraction pattern (a) and Rietveld quantitative analysis (b) of OPC sample cured for 28 days at 20 °C. Indexes: K — calcite; P — portlandite; A — alite; B — belite; E —

ettringite; M — periclase; H — calcium silicate hydrates.
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Fig. 20. X-ray diffraction pattern (a) and Rietveld quantitative analysis (b) of OPC with 5 wt.% gyrolite additive sample cured for 28 days at 20 °C. Indexes: K — calcite; P —
portlandite; A — alite; B — belite; E — ettringite; M — periclase; H — calcium silicate hydrates.

3.7. Mineralogical analyses of OPC samples

To explain the strength properties of samples, XRD and STA
analyses of the hydrated samples were carried out.

The XRD and Rietveld quantitative data are provided in Figs. 19
and 20. After 28 days of hydration in all samples the peaks of
portlandite and calcium carbonate were determined. In addition, the
diffraction peaks characteristic of calcium silicate hydrates, periclase

4
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Fig. 21. DSC curves of OPC samples after 28 days of hydration with the following
amounts of additive, wt.%: 1 — 0; 2 — 2.5; 3 — 5;4 — 7.5.

and ettringite were identified. Unhydrated primary synthesis prod-
ucts, such as that of C3S and C,S were also seen in all samples.

The results of Rietveld quantitative analyses show very slight
differences between samples of pure OPC and OPC with 5% of gyrolite
after 28 days of hydration (Figs. 19, b and 20, b). It can be concluded
that gyrolite has no significant influence on the mineralogical
composition of OPC.

A simultaneous thermal analysis was performed for studies of
cement hydration after 7 and 28 days of hydration. Three major peaks
were observed in DSC curves consistently for both times (Fig. 21). The
first endothermic peak at 50-150 °C is the result of dehydration
reactions due to the loss of water from C-S-H and aluminates
products. The second major peak, at 400-500 °C, corresponds to the
dehydroxylation of Ca(OH),, another hydration product. The peak at

Table 10
TG mass losses of samples of pure OPC and OPC with gyrolite additive after 7 and
28 days of hydration.

Hardening Amount of TG mass losses, %
tme, days - additive, WEE 50 150°c  400-500°C  650-800°C
7 0 74 2.6 3.2
2.5 8.2 34 48
5 7.6 2.7 3.7
7.5 7.7 2.7 3.7
28 0 124 29 43
25 12.6 3.7 33
5 14.8 3.7 4.9
7.5 13.2 3.2 4.2
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650-800 °C corresponds to the decarbonation of calcium carbonate.
Mass losses of TG analyses are listed in Table 10.

One of the major differences between the hydration samples of
pure OPC and OPC with gyrolite additive is the amount of calcium
silicate hydrates and portlandite formed (Table 10). After 7 days of
curing in water, the greatest amount of Ca(OH), was observed in the
samples with 2.5% of gyrolite additive.

It was determined that after 28 days of hydration, the largest mass
losses (14.8%) during the dehydration of C-S-H were from the sample
with 5% of gyrolite. Meanwhile, samples of pure OPC and OPC with
2.5% additive lost slightly less weight (12.6%). Thus, it can be stated
that most of the calcium silicate hydrates had formed in OPC samples
with 5% of gyrolite after 28 days of hydration. These data agree with
results of strength properties of samples. Also, TG results show similar
amounts of portlandite and calcite formed.

4. Conclusions

1. Synthetic pure gyrolite prepared under hydrothermal conditions
(C/S=0.66; 48 h; 200 °C; Sger=71.01 m?/g; r,=8-9 nm) acts as
chemisorbent in mixtures with portlandite. The adsorption
proceeds very fast, and the limiting factor of this process is
solubility of the initial compounds in the solution. It was
determined that the amount of adsorbed Ca2™ ions in the crystal
lattice of gyrolite after 1 min is equal to 182 mg of Ca(OH),/g. With
a longer duration of the adsorption process, the reaction rate
greatly decreases, and after 7 min the amount of Ca?™ ions
incorporated into gyrolite crystal structure grows only to 248 mg
of Ca(OH),/g.

2. The additive of gyrolite accelerates the early stage of hydration of
OPC because of the adsorption reaction with both alkaline and
Ca®" ions. The decrease of Ca™ ions in the solution accelerates the
rate of dissolution of CsS. This phenomenon was confirmed by a
calculation of the apparent kinetic parameters of hydration at early
age. It was determined that in the samples with gyrolite the
induction period is effectively eliminated.

3. It was determined that gyrolite participate as chemical reagent in
the OPC hydration. First, this compound binds alkaline ions and
serves as a nucleation site for the formation of hydration products
(stage I). Later on, the crystal lattice of gyrolite becomes unstable
and turns into C-S-H, with higher basicity (C/S~0.8). This
recrystallization process is associated with the consumption of
energy (the heat of reaction) and with a decrease in the rate of heat
evolution of the second exothermic reaction (stage II). The
experimental data and theoretical hypothesis were also confirmed
by thermodynamic calculations.

4. The apparent kinetic parameters confirmed the proposed mecha-
nism of OPC hydration with gyrolite additive. It was determined
that when the amount of gyrolite is increased in the OPC samples,
the reaction order n,p, grows about 2.5 times (from 0.288 to
0.716), and the reaction rate k. increases about 2 times (from
3.88 to 8.11).

5. The changes occur in the early stage of hydration of OPC samples
and do not have a significant effect on the properties of cement
stone. After 28 h of hardening, the mineralogical compositions of
samples of pure OPC and OPC with additive are similar. It was
found that the samples containing 2.5-7.5% gyrolite additive had a
slightly higher compressive strength than OPC samples.
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