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The hydration kinetics of Portland cement with and without nano-SiO, (NS) were evaluated via isothermal calorimetry
and investigated based on the mathematic method of the Krstulovic-Dabic model in this paper. NS was used to substitute
Portland cement at 0, 1 and 3 wt. % by mass. The test results obtained in this study indicated that the hydration process of
Portland cement was dramatically promoted in terms of increasing the heat released and the heat release rate when NS was
added. From the Krstulovic-Dabic model, the dynamics process of Portland cement was controlled by nucleation and crystal
growth (NG), phase boundary interactions (1) and the diffusion (D) process, it does not matter whether there was NS or not,
but the transformation of the controlling process occurred at a lower hydration degree for the NS-added pastes. Moreover,
the increase in NS content increased the values of the kinetics parameters KNG and KI, but decreased KD and the reaction

exponent to a different degree.

INTRODUCTION

The application of nanotechnology in the field of
construction and building materials has received con-
siderable attention recently, and it also seems to be a pro-
mising revolutionary tool towards the development of
new classes of cementitious materials with outstanding
properties [1-4]. A nano material, the product of nano-
technology, is defined as a very small particle with a size
under the scale of 10 m [5]. Recent research indicated
that most nano materials were found to show positive
effects on the mechanical properties and durability of
cement-based materials [6, 7] because of their unique
physical and chemical properties [3, 5, 8].

A literature survey shows that nano-SiO, (NS)
[9, 10], nano-TiO, (NT) [11], nano-Al,O; (NA) [12, 13]
carbon nanotubes (CNs) [14] and carbon nanofibres (CFs)
[15, 16] are commonly used in cementitious systems.
Among them, NS has received the greatest attention
and has been investigated intensively. The experimental
results have shown that the inclusion of NS in cement-
based materials resulted in enhanced properties in terms
of accelerating the cement hydration rate, refining the
pore structure, improving the strength and increasing
the durability [17-31].

Du et al [10] and Madani et al [18] reported that
colloidal NS can significantly accelerate the rate of
cement hydration, shorten the dormant period and
reduce the setting times even with a low dosage due to

its high surface. Similar results can also be observed in
the previous research [17], in which powder NS partic-
les were used. These promotion effects were attributed
to the well distributed NS, which can serve as nuclea-
tion sites for the hydrated products to precipitate du-
ring cement hydration, thus increasing the hydration
rate [17]. NS is also quite effective in modifying the
microstructure of cement-based materials [21-23]. Due
to its high pozzolanic reactivity [19, 20], NS can react
with calcium hydroxide (CH) and produce an addi-
tional homogeneous C—-S—H gel, leading to a denser
microstructure of the hardened cementitious system.
Meanwhile, the pozzolanic effect of NS is also contri-
buting to reducing the size and the amount of the
CH crystals arraying in the interfacial transition zone
(ITZ) between the binding paste matrix and the aggre-
gates, thus making the ITZ more compact [24, 25]. From
some conducted experiments, the NS-added cement-
based materials presented much superior mechanical
properties [21, 26-28, 32]. Compared with the reference
sample, the addition of 3 wt. % NS led to an increase
in the compressive strength by 24 %, 8 % and 6.5 %
at the age of 7, 28 and 90 days, respectively [33]. The
mercury intrusion porosimetry (MIP) results also indi-
cated the threshold pore size and the total porosity
decreased significantly for the paste containing NS
[29]. Meanwhile, these refined pore structures were
advantageous for reducing the permeability considerably
in terms of the calcium leaching rate and chloride ion
penetration, resulting in improved durability [30, 31].
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Until now, most researches have been focused on
evaluating the modification effects of NS in Portland
cement as well as the corresponding modification
mechanism. However, there are scarcely any reports re-
garding quantifying the hydration kinetics of Portland
cement containing NS, though many hydration kinetics
models have been applied to other cementitious systems
[34-40]. The hydration kinetics of cement determines
the strength of the cement-based materials throughout
their service life. Therefore, it is of great significance
to understand the hydration kinetics of Portland cement
with NS to help predicate and improve other properties.

Therefore, the objective of the present paper was
to preliminarily study the hydration kinetics of Portland
cement with NS based on the mathematic method of
the Krstulovic-Dabic model [41]. Before this, an iso-
thermal calorimeter was used to acquire the hydration
heat evolution of the cement paste blended with NS.
The methods used to determine the kinetics parameters
have been detailly described in the published works
[36, 42]. The results obtained in this study can help to
provide a comprehensive understanding about the na-
nomodification effects of nanomaterials on cementitious
systems.

The hydration kinetics method and
the Krstulovic-Dabic model

The hydration kinetics model studies the reaction
between cement and water from a dynamic point of view,
and also analyses the influence of the reaction condi-
tions on the reaction process during cement hydration,
thus revealing the macroscopic and microscopic hydra-
tion mechanism [43]. Because of the complicated hyd-
ration mechanism between cement phases and water, the
modified isothermal kinetics Equation 1 describing the
heterogeneous system is acquired according to homo-
geneous reaction dynamics equation [40].

da/dt = Ae ™7 fa) )

where o, 4, E, R, T, f(o), t are the reaction degree of the
reactants, the pre-factor, the apparent activation ener-
gy, the gas constant, the thermodynamic temperature,
the reaction mechanism function and reaction time,
respectively.

The hydration degree is defined as the relative
amount hydrated cement, resulting from the combined
effects of the heat released by all the present phases.
It can be expressed [36, 37] and calculated from the
following equations:

a(t) = Qt /Qmax (2)
da/dt = (dQ/n)-(1/Q,,..) 3)
1/Q = 1/Qmax + tSO/Qmax (t - tO) (4)

where O, and Q,,,. represents the accumulated hydration
heat at time ¢ and the ultimate total hydration heat

released of the sample. Normally, Q,,,, is often calculated
with the help of Knudsen’s extrapolation equations
(Equation 4). In Equation 4, t refers to the time onset of
the induction period while ¢, represents the time when
the hydration exothermic quantity reached half of the
total heat of the hydration.

Usually, both the Tomosawa model and the
Krstulovic-Dabic model are often utilised to evaluate
the hydration kinetics of Portland cement [38]. However,
compared with the Tomosawa model, the Krstulovic-
Dabic model is more frequently used especially in
acquiring the corresponding kinetic parameters in
terms of the composite cementitious materials system.
According to the Krstulovic-Dabic model [41], the
cementitious materials’ hydration can be assumed to be
divided into three basic processes, namely nucleation
and crystal growth (NG), phase boundary interactions (I)
and a diffusion (D) process. The dynamics relationships
between the hydration degree (o) and the reaction time
() can be expressed in the integral form of Equations 5-7,
while the corresponding differential form can be written
as Equations 8-10, respectively. It is suggested that these
three processes may simultaneously take place during
the cement hydration process, and may occur alone or
in pairs, but the reaction is controlled by the slowest one
[37, 39].

[Hn (1 - o))" = Ky (t — t) )
[1-(1-a)"]' =K, (t—1t) ©6)
[1-(1-a)"F=Kpt—1t) %)
[da/dt]ye = Kyn (1 — a) [-In (1 — )] """ ®)
[da/dt], = K, (1 — a)*" )

[da/dt], =3K, (1 —a)**/2[1-(1-a)”]  (10)

where n is the reaction exponent. K,;, K, and K, re-
present the rate constant for the hydration reaction
process of NG, I and D, respectively.

Despite that there are some limitations existing
in the Krstulovic-Dabic model, it is still considerably
representative and easy to understand in the current
academic sphere. The analysis result from this model
does not only provide certain changes in the values of
the kinetics parameters, but also conveniently gives
a brief understanding about how the external factors
influence cement hydration at each stage.

EXPERIMENTAL

Materials

A type II-52.5 Portland cement supplied from
Jiangnan Onoda was used in this study. Its chemical
composition and some physical properties are summari-
sed in Table 1. A dry powder NS with an average
particle size of 10 nm produced by Aladdin Industrial
Corporation was used as the addition. Some parameters

Ceramics — Silikaty 63 (1) 86-92 (2019)

87



Zang J., Li W., Shen X.

Table 1. The physicochemical properties of the binder
materials.

Oxides CE(T/T;M Nan(((;) ?102
CaO 65.47 -
SiO, 19.82 >99.5
Al O, 4.66 -

SO, 2.87 -
Fe,0; 3.03 -
MgO 0.84 -
K,0 0.64 -
Na,O 0.10 -
TiO, 0.16 -
P,O; - -
Loss on ignition (LOT) 3.34

Density (g-cm™) 3.2 2.08
Specific surface area (m*g™) 0.355 270
Average particle size (nm) 23800 10
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Figure 1. The X-ray diffraction pattern of NS.
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Figure 2. The FESEM micrograph of the NS powder (50 000
times magnification).

of the NS particles are also given in Table 1. The X-ray
diffraction (XRD) pattern of the NS illustrated in Figu-
re | confirms its amorphous nature. The field emission
scanning electron microscopy (FESEM) (Figure 2)
graph shows that the NS particle is round in shape, but
seriously agglomerates. Moreover, the average particle
size of the NS inferred from Figure 2 is about 15-20 nm.
These properties are well in agreement with the data
given in Table 1.

METHODS

The heat evolution during the cement hydration was
performed using an 8-channel TAM Air (Thermometric
AB, Sweden) isothermal calorimeter. Prior to the test,
the NS and deionised water were conditioned under
a constant temperature (20 °C) for 24 h to ensure
the accuracy of the early age measurement. The
replacement of NS in the cement was 1 % and 3 % by
weight of cement, as shown in Table 2. For all mixtures,
the water/solid (solid = Portland cement + NS) ratio
was kept at 1. Because of its serious aggregation (from
Figure 2), the NS was firstly dispersed in deionised
water using sonication for 2 min to achieve relatively
good dispersion. Then the cement was added and the
mixtures were blended for another 2 min. During the
test, around 10 g of this mixture was extracted and
immediately injected into a sealed ampoule. The heat
evolution was recorded at 20 °C over a period of 72 h.

Table 2. The investigated mixes.

Mix Portland Nano-SiO, Deionised
designation cement (g) (2) water (g)
NO 100 0 100
N1 99 1 100
N3 97 3 100

RESULTS AND DISCUSSION

The influence of NS on the heat
evolution of Portland cement

The influence of NS on the heat evolution of the
cement hydration is presented in Figure 3. The ther-
modynamics characteristic values of the hydration
process including the end time of the induction period
and total heat emission are summarised in Table 3.
Like typical Portland cement [44, 45], the hydration
behaviour of the control sample used in this experiment
presents five stages: (I) Initial reaction period, (II) in-
duction period, (III) acceleration period, (IV) dece-
leration period and (V) slow reaction period. Two peaks
can also be observed. Both the initial dissolution of the
phases and the early-stage reactions contribute to the
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first peak in the initial reaction period. The second peak
corresponding to the end of the acceleration period is
mainly attributed to the hydration of tricalcium silicate
(G5S), during which C—S—H gels and CH are formed.
Additionally, it is worth noting that a small “shoulder
peak” formed right after the main hydration peak
appeared and this peak is closely related to the renewed
dissolution of tricalcium aluminate (C;A) with the
formation of ettringite (AFt).

As shown in Figure 3, the replacement of the ce-
ment by NS significantly changed the peak intensities
or the time when they occurred without removing or
adding additional peaks. The end time of the induction
period ¢, for NO was about 1.23 h while those of the N1
and N3 samples were about 1.02 h and 0.86 h (Table 3),
respectively. In comparison with the control sample,
the main peak occurred earlier when NS was added,
especially for the sample with a higher amount of NS
incorporated, indicating its acceleration effect on the
C;S hydration. The “shoulder peak” also shifted earlier
in time for the NS—added samples. It means that the
NS is conducive to the renewed dissolution of C;A.
Obviously, the NS powder also dramatically increased
the peak intensities. All of these promotion effects were
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Figure 3. The heat flow curves of the cement hydration with
the NS addition.

exhibited more significantly as the NS content increased
from 1 % to 3 % though its increase was not in proportion
to the increase of the heat release rate. Previous research
presented that the increase in the acceleration was
attributed to the fine NS particles working as additional
nucleation sites, thus promoting the precipitation of the
cement hydration products and the reaction process in
the cement pastes [17].

Figure 3 also shows the cumulative heat released
of the cement pastes blended with NS. The addition of
NS increased the total heat released resulting from the
acceleration of the cement hydration. The total hydra-
tion heat released of the three samples over 72 h were
261.69 J-g', 307.55 J-g" and 324.74 J-g", respectively.
A similar acceleration effect of the NS on the cement
hydration can also be observed in other research [10].

The influence of the NS on the hydration
kinetics process of Portland cement

Table 4 summarises the kinetics parameters dedu-
ced in this study. By combining these kinetics parame-
ters with Equations 8-10, the theoretical hydration rate
curves of da/dt~a, and the fitting curves of Fy.(a),
F/(a) and F)(e) are obtained, as shown in Figures 4-6,
respectively. It can be seen that the curves of Fy;(a),
F/(a) and Fj(0) for these three samples are well fitted to
the theoretical da/dt~o curves though some simulation
errors exist. The intersection points of a; and a, are
turning points, indicating the hydration process transits
from NG to I and from I to D, respectively. NG domina-
ted at the early hydration stage when the hydration
reaction degree was less than a,, D controlled the later
hydration stage when the hydration reaction degree was
larger than a,, while the middle hydration stage between
o, and a, was controlled by the I process. It can be found
that hydration kinetics process of the three samples all
experienced NG, I and D processes, reflecting that all
the samples have the same hydration reaction process
controlled by the NG-I-D process. Though the reaction-
controlled process did not change, the position of the
intersection points, o, and «,, obviously shifted when

Table 3. The thermodynamics characteristic values of the hydration process.

Sample w/c ty (h) Quax T g™ tso (h) Extrapolation equation
NO 0.5 1.23 328.95 28.22 1/Q = 0.00304 + 0.08578/(t-t0)
N1 0.5 1.02 342.47 16.63 1/Q = 0.00292 + 0.04855/(t-t0)
N3 0.5 0.86 389.11 16.01 1/Q = 0.00257 + 0.04114/(t-t0)

Table 4. The kinetic parameters of the hydration process of the cement with NS.

Sample n Kyg K, Kp Process o, o,
NO 1.24012 0.03643 0.01109 3.14324x10° NG-I-D 0.1367 0.2962
N1 1.12811 0.04862 0.01339 2.35534x107 NG-I-D 0.1026 0.2815
N3 1.02472 0.04929 0.01495 1.89928%1073 NG-I-D 0.0075 0.2196
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the NS was incorporated when compared with the pure
cement (Figures 4-6). Combined with Table 4, the values
of a, decreased from 0.1367 to 0.1026 and the values of
a, decreased from 0.2962 to 0.2815 after incorporating
1 % NS. When the dosage of NS increased from 1 % to
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Figure 4. The hydration evolution curves for sample NO.
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Figure 5. The hydration evolution curves for sample N1.
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Figure 6. The hydration evolution curves for sample N3.

3 %, the values of o, continued to decrease from 0.1026
to 0.0075 along with value of a, decreasing from 0.2815
to 0.2196. All of these confirm that NS is conducive to
shifting the transition of the controlling process at a
lower hydration degree for the NS-added binder.
According to Table 4, the reaction exponent n also
decreased with an increasing NS, indicating that NS
greatly affected the crystal growth of the hydration
products. The decrease in the reaction exponent might
be attributed to the inherent properties of NS with high
pozzolanic activity as well as the ultrafine particle
size, conducing it to decrease the reaction resistance
and significantly promoting the nucleation and crystal
growth of the hydration products [9]. However, the
change in the cement-NS system is different from that
in the cement-fly ash system, in which the reaction ex-
ponent increased with an increase in the fly ash content
[35]. As shown in Table 4, the values of K\ and K,
increased with the increasing NS content. However,
the increase degree was different. Because of its filler
effects and high pozzolanic activity, the addition of NS
in cement can result in a denser microstructure [24, 25].
That led to decreasing the effective diffusion coefficient
K, at the D process, which was opposite to the trend
of Kyg and K,. Obviously, during the overall hydra-
tion process, the coefficient for the NG process seemed
about 3 ~ 4 times higher than that of the I process and
10 ~ 30 times higher than that of D process. The increase
in the NS content increased the difference among these
three processes. As discussed above, compared with the
diffusion process, the higher NS incorporation exhibited
greater influence on the chemical reaction process.

CONCLUSIONS

In this present work, the hydration kinetics of
Portland cement with or without NS based on the
mathematics method of the Krstulovic-Dabic model
has been investigated. On the basis of the experimental
study, the following conclusions have been derived:

e Adding NS dramatically accelerated the cement
hydration process in terms of increasing the hydration
rate and cumulative heat released;

e The model can determine the cement hydration
process, which was controlled by the NG-I-D process.
The addition of NS did not change the hydration
process, but conduced it in shifting the transition of
the controlling process at a lower hydration degree;

e Including NS in Portland cement decreased the
values of the reaction exponent and K, but increased
the values of the kinetics parameters Ky, and K; to
a different degree. Overall, NS exhibited a greater
effect on the chemical reaction than diffusion.
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