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Abstract
The studies focused on the kinetics of early hydration in the high-calcium aluminate cement (CAC 70)—by-pass cement kiln 
dusts (BPCKD)—mixtures. For this purpose, the mixtures of cement with this additive or with some potential constituents 
of dusts were produced. The microcalorimeter was applied to follow the kinetics of hydration. The investigations with the 
aim of finding the relationship between the components of initial mixtures and the modification of hydration process were 
carried out. The rheological properties were characterized, and the chemical shrinkage characteristics were produced. The 
phase assemblage characterization and microscopic observations were done as well. In case of the high-calcium aluminate-
based binders, the modification of setting process was observed; the rheological properties and chemical shrinkage were 
affected too. The acceleration of heat evolution—the shortening of so-called induction period in the presence of BPCKD 
additive—was observed. The results were compared to those obtained for the CAC with ordinary Portland cement additive. 
The results of calorimetric measurements are discussed in terms of the chemical and phase assemblage of this additive as 
compared to the Portland cement clinker precursors and potassium chloride—the solid and liquid components of the dust.

Keywords Calcium aluminate cement · Hydration · By-pass cement kiln dust · KCl, calorimetry · Rheological properties · 
Microstructure · Chemical shrinkage

Introduction

Monocalcium aluminate phase CaO·Al2O3—CA (notation 
commonly used in cement chemistry: C = CaO, A = Al2O3, 
H = H2O) is the principal phase in aluminate cements [1]. 
The compound corresponding to the formula 12CaO·7  Al2O3 
is the second aluminate phase. On reaction with water at 
ambient temperature, a setting and hardening of calcium alu-
minate paste take place and the hydrated calcium aluminate 
phases, such as CaO·Al2O3·10H2O—CAH10, 2CaO·Al2O3·8 
 H2O—C2AH8 (hexagonal hydrates) and aluminum hydrox-
ide  (AH3), are formed [1–3]. However, further transforma-
tion of hexagonal hydrates into the thermodynamically sta-
ble cubic one  (C3AH6), known as “conversion,” leads to the 
destruction of hardened material because of the release of 
water and formation of  AH3 gel.

High-calcium aluminate cements can be used in combina-
tion with different calcium sulfate or calcium silicate sources 
as a binder for special purposes [4–6]. Hydration and set-
ting of Portland cement mixed with a few percent of high 
alumina cement occur rapidly, and the significant strength 
development within a few hours is observed [5, 6]. This mix-
ture was utilized in various applications, such as sealing of 
leaks, rapid road pavement repair and waste solidification. 
It is known that the shrinkage compensation or even the 
controlled expansion is thus achieved due to the ettringite 
formed as the hydration product. The hydration development 
at early ages is significant [7].

Different metallic salts, when added to hydrating CAC 
paste, result in the modification of hydration kinetics in dif-
ferent ways: Acceleration (strong or slight) or retardation 
of hydration process is observed, depending on the nature 
of cations and anions, as well as the concentration [8]. The 
possibility to form the complex compounds is of importance 
too [8, 9].

The additives of pozzolanic or hydraulic character replac-
ing part of high alumina cement can reduce the hexagonal 
hydrate conversion and its negative effects, first of all the 
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volume changes and strength reduction. The reactive silica 
released from these additives enters the hydration process, 
and the so-called strätlingite phase  C2ASH8 is produced 
[9–15].

Cement kiln by-pass dust (BPCKD) is produced as a 
solid waste from the by-pass systems during the manufac-
ture of Portland cement clinker, by using dry process [16]. 
By-pass dust, being the precursor of cement clinker phases, 
is rejected from a kiln system in order to lower the chlorine 
and alkali content in the final product; these components are 
evaporated from the raw feed at higher temperatures (clinker 
sintering occurs at approx. 1450 °C). The composition of 
cement kiln by-pass dust depends on the type of raw mate-
rials and the fuel used, as well as the production method 
or kiln type; an increase in alternative fuels may cause an 
increase in by-pass dust emission.

Many cement plants have routinely landfilled this dust 
over many years; however, with the increasing need to recy-
cle industrial by-products and protect the environment, an 
option for the utilization of the by-pass dust is mixing with 
other construction materials such as the other binders or 
usage for the solidification of soils, in road construction, 
etc., was taken into account. Therefore, there is a growing 
emphasis to provide technical data about the performance 
of materials containing cement by-pass dust (CBPD); and 
they can be potentially used for various types of commercial 
applications [17]. These applications depend primarily on 
the chemical and physical characteristics.

Recently, the use of both high-calcium aluminate mate-
rial and the by-products of different origins are discussed 
from the “environmental footprint” point of view [13, 14, 
18, 19]. It has been found that usage of CAC as a com-
ponent of different dry mixtures demonstrates significant 
environmental benefits in terms of environmental impact 

(low  CO2 emission, low energy demand vs. early compres-
sive strength, etc.) [18]. The experiments presented in this 
paper were done with aim to make a comparison between 
the modifying action of Portland cement in the hydration 
process of high-calcium aluminate cement (recognized) and 
the effect of cement kiln by-pass dust in the same process 
(unknown). The results of these studies are the base for more 
practical projects, dealing with BBPD disposal and improve-
ment of some special binders.

Experimental procedure

Materials and method

The by-pass cement kiln dust (BPCKD), ordinary Portland 
cement (OPC) and calcium aluminate cement (CAC70) 
samples used in this study were supplied by cement plants. 
The specific surface of cements was 3120 and 3160 cm2 g−1 
(as measured by Blaine method), respectively. The specific 
surface of by-pass cement kiln dust was 9550 cm2 g−1. The 
chemical composition is given in Table 1.

As one can find from the data presented in Table 1, the 
chemical composition of Portland cement and by-pass dust 
is very similar. However, a significant amount of potassium 
chloride should be underlined—mean KCl content in the 
dust—approximately 7%. The main phases present in the 
dust are as follows: larnite  (Ca2SiO4)—the precursor of main 
calcium silicate components of cement clinker, as well as 
sylvite (KCl), aptitalite  (K2Na(SO4), some amounts of cal-
cium oxide (CaO), calcite, aragonite  (CaCO3) and forsterite 
 (Mg2SiO4).

The following compositions of samples were taken into 
account:

Table 1  Characteristics of samples

a In figure captions the abbreviation BP is used

Percentage of component

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Cl K2O NaO

A/Chemical composition of by-pass kiln dusta

59.2–63.2 18.4–20.9 4.18–4.83 2.01–2.50 1.12–1.67 1.45–3.85 1.131–3.366 2.61–6.78 0.17–0.35

Percentage of component

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Cl K2O Na2O MnO P2O5 TiO2

B/Chemical composition of ordinary Portland cement (OPC)
64.9 21.1 5.0 2.7 1.6 3.3 0.03 0.6 0.3 0.1 0.08 0.2

Percentage of component

Al2O3 CaO SiO2 Fe2O3 NaO + K2O

C/Chemical composition of high-calcium aluminate cement (CAC70)
69–71 28–30 < 0.5 < 0.3 < 0.5
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CAC70—reference
CAC70 + 2% OPC; CAC70 + 5% OPC; CAC70 + 10% 
OPC;
CAC70 + 2% OPC; CAC70 + 5% BP; CAC70 + 10% BP;
CAC70 in 0.01 m KCl; CAC70 in 0.1 m KCl; CAC70 
in 1 m KCl

The following experiments were performed in this 
work:

Microcalorimetric evaluation of heat evolved during 
hydration,
Evaluation of chemical shrinkage,
Determination of phase assemblage of hydrated pastes 
by XRD
Studies of rheological properties by means of rotation 
viscometer,

Observations of microstructure.

The nonisothermal-nonadiabatic differential BMR micro-
calorimeter, constructed in the Institute of Physical Chem-
istry, Polish Academy of Science in Warsaw, with further 
modification (computing program, measurement of tempera-
ture) done in the laboratory at the University of Science and 
Technology AGH in Cracow, Poland, was used. Hydrating 
pastes were prepared by mixing of 5 g samples with 2.5 mL 
of water (water to solid ratio 0.5); and the initial temperature 
was kept constant at 25 °C. The heat evolved values were 
measured with accuracy of ± 5 J g−1.

The chemical shrinkage was determined according to the 
ASTM C 1608-07 standard. This method is based upon the 
observation of upper level of water in the capillary placed 
above the hydrating paste (w/s = 0.4) sealed in a polystyrene 
container (the heights and diameter of containers differed 

Fig. 1  Rate of heat evolution 
(a—top) and heat of hardening 
(b—bottom) curves for cement 
pastes produced from high-
calcium aluminate cements with 
additives (w/c = 0.5)
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slightly from those recommended in the standard). The 
“chemical shrinkage” means the volume of water consumed 
as a result of hydration reaction. These measurements reflect 
not only the kinetics of hydration but also the consumption 
of water to the structure of amorphous products.

The phase assemblage of hydrated pastes was charac-
terized by XRD (XRD Philips diffractometer PW 1070 at 
16 mA/35 kV current, with Cu  Kα radiation), using the 
samples kept previously in the calorimeter (w/s = 0.5), after 
crushing and repeated washing with acetone to remove the 
residual, unbound water; the hydration was thus stopped. 
The powdered pastes were dried at 40 °C.

The rheological parameters of pastes were determined 
with help of Rheotest 2 (Messgeräte Medinger GmbH, Ger-
many). The flow curves of cement pastes with w/s = 0.4 were 
obtained basing on the data from rheometer at increasing 

and decreasing yield stress. The rheological parameters, 
such as plastic viscosity (η) and yield stress τy, were deter-
mined from these curves.

Some samples were observed under SEM (FEI—
NOVAnanoSEM 200 by Philips) with EDS Link—Isis 
microanalyzer, to characterize the microstructure and to 
identify the phases. The fractured samples after 3-day hard-
ening, prepared at w/s = 0.4, were examined; all the sam-
ples were subjected to the standard procedure of preparation 
(covered with gold in vacuum).

Fig. 2  Rate of heat evolution 
(a—top) and heat of hardening 
(b—bottom) curves of cement 
pastes processed with KCl solu-
tion (w/c = 0.5)
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Fig. 3  Chemical shrinkage of 
cement pastes with additives: 
ordinary Portland cement 
(OPC), by-pass kiln dust (BP) 
and processed with KCl solu-
tion (w/c = 0.4)
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Fig. 4  XRD pattern of hydrated 
high-calcium aluminate cement 
samples admixtured with 
ordinary Portland cement (10% 
OPC), by-pass kiln dust (10% 
BP) and processed with 1 m 
KCl solution (w/c = 0.5), after 
2-day storage in calorimeter
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Results

The calorimetric measurements were the basis of further 
experiments. As it is commonly known, the calorimetric 
studies are of special importance in the determination of 
hydraulic activity of binders. Many crucial problems were 
resolved due to this method, not only in the case of Portland 
and blended cements but also in the case of CACs; some of 
them appeared quite recently [20–23].

The sets of calorimetric curves are shown in Figs. 1 and 2.
The reaction of calcium aluminate cements with water 

followed by calorimetry gives two strong peaks with so-
called induction period between them; there is a few hours 

lasting latent period in which a dissolution of initial sub-
stance to attain the supersaturation of liquid phase and slow 
nucleation of less soluble hydration products takes place. 
Subsequently, the crystallization of hydrates takes place 
and the reaction with water is almost completed. The posi-
tion of the second peak is attributed to the setting process, 
important from the practical point of view; the heat evolu-
tion reflecting standard setting and hardening must be com-
pleted within 24 h.

As it can be noticed on heat evolution curves, the max-
imum of heat evolution rate in case of sample CAC70 is 
achieved within ca. 7–8 h, while for CAC70 with solid 
additives after shorter period of time (Fig. 1), particularly 
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as the by-pass dust is added. However, the total heat is the 
highest in case of OPC additive, presumably because of the 
ettringite phase formation [4–7]. The precursors of clinker 
do not cause such an effect; the acceleration would be the 
consequence of the soluble alkali salts occurrence. In order 
to verify this assumption, the calorimetric measurements of 
CAC samples processed with KCl solution were performed 
(Fig. 2). The lowest concentration—0.01 m—corresponds 
approximately to the level of KCl in the by-pass dust addi-
tive. In the case of 0.01 m KCl, the moderate acceleration 
of heat evolution is observed; however, at higher concentra-
tion, a retarding effect is seen, particularly when the hydra-
tion takes place in the 1 m solution. The so-called induction 
period is then very prolonged. However, the heat evolved 
values after 24 h are almost identical for all the CAC70 
pastes hydrated with KCl.

The measurements of chemical shrinkage (Fig. 3) reveal 
that the consumption of additional water by the hydrated 
paste alters when the CAC70 paste is enriched with by-pass 
dust or some amount of KCl. The pastes show an “induction 
period” which is the longest in case of by-pass dust—pre-
sumably the structure is more impermeable because of the 
products formed with additive; after 5 h, the formation of 
some consuming water products gives an additional space 
for water absorption. A more intensive water absorption is 
observed in the presence of KCl. It should be noted that the 
“induction period” in this case is shorter than the induction 
period on the calorimetric curve.

The hydrated pastes were examined by XRD (Fig. 4; 
after 2-day hydration, the samples processed with water at 
w/c = 0.5 were taken from the calorimeter and the procedure 
of unbound water removal was applied). Different phases 

Fig. 5  Flow curves of cement 
pastes with additives: ordinary 
Portland cement (OPC), by-pass 
kiln dust (BP) and processed 
with KCl solution (w/c = 0.4)
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Fig. 7  Microstructure of cement paste with no admixture, after 3-day hardening (w/s = 0.5); the assemblages of hexagonal calcium aluminate 
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Fig. 8  Microstructure of cement pastes with by-pass kiln dust (BP) (w/c = 0.4) after 3-day hardening. See the calcium aluminosilicate hydrate 
product (strätlingite, right side of the illustration), as detected by EDS analysis
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were detected: the residual calcium aluminate components—
CA and  CA2, as well as the hydration products, mainly the 
hexagonal calcium aluminate  CAH10 and aluminum hydrox-
ide, some amount of hydrogarnet  C3AH6 and calcium chlo-
roaluminate in the presence of KCl. Calcium silicoaluminate 
hydrate  (C2ASH8—strätlingite) was not detected by XRD; 
the phase assemblage remained almost unchanged up to 
6-month maturing.

The flow properties of CAC70 pastes with additives 
(OPC, BPCKD) and admixtures (KCl) were studied by 
rotation viscometer. However, it was neither possible to add 
higher amount of by-pass dust nor to process the cement 
with KCl of higher concentration than 0.01 m because of 
the stiffening of the paste (the rotation of cylinder in the 
device is then impossible). Therefore ,the 2% by-pass dust 
was added and the measurements were limited to the 0.01 m 
KCl solution (Figs. 5, 6). The CAC70 paste becomes gener-
ally less workable in the presence of additives/admixtures 
used in this study; it results not only from the observation 
during the experiments, but it can be derived from the yield 
stress data related to the beginning of paste preparation. 
However, the structure formed in neat CAC70 paste is the 
strongest, as it can be concluded from the width of hyster-
esis loop (Fig. 5). In the presence of by-pass dust and KCl 
solution, the viscosity is lowered while it is higher in the 
presence of cement. One can speculate that the viscosity 
increases because of the fibrous ettringite formation in the 
presence of gypsum from Portland cement; this effect cannot 
be observed in case of by-pass dust additive.

The observations of CAC70 pastes under SEM revealed 
the formation of typical hexagonal platelike crystals of 
calcium aluminate hydrates in reference CAC sample, 

occurring together with aluminum hydroxide (Fig. 7). It is 
possible to find the additional constituents, not detected by 
XRD (too low content) formed in the pastes in the presence 
of additives and admixtures (Figs. 7, 8, 9).

Conclusions

At some low amount of by-pass cement kiln dust, the hydra-
tion of high-calcium aluminate cements is accelerated as it 
results from the calorimetric studies—the shortening of ini-
tial dormant period is observed; this effect can be attributed 
to the joined action of soluble chloride component and active 
solid cement clinker precursor.

At some low amount of by-pass cement kiln dust (up to 
10%), the hydration of high-calcium aluminate cements is 
modified toward the stabilization of hexagonal  CAH10 and 
aluminum hydroxide. The conversion to the regular  C3AH6 
seems to be hampered as in case of Portland cement additive.

The rheological properties of CAC paste are modified by 
a by-pass cement kiln dust toward the improvement of work-
ability, both by chloride (decrease in viscosity) and by clinker 
(increase of viscosity) component. This is the consequence of 
microstructure with no large fibrous or platelike forms.

The addition of some percentage of by-pass cement kiln 
dust as a calcium aluminate material modifying agent can be 
considered.
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