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The hydration behavior of Ca0-Al,0;-SO; system has been investigated over the temperature range of 25 to 80°C and at three
different water/solid ratios 0.5, 0.7 and 1.0 using isothermal conduction calorimeter. In the defined system, C,A4:S* known as
Klein compound was supposed to be the main mineral phase. An increase in the temperature of hydration brought about ini-
tial acceleration of all samples treated under different water/solid ratios, as indicated by the increased hydration rate. Also,
there was a clear evidence of increasing intensity of the main peaks with increasing water/solid ratio at hydration tempera-
ture of 25°C and 40°C. Contrarily, at higher temperatures (60°C and 80°C) the magnitude of hydration decreased with
increasing water/solid ratio. Kinetics of hydration C,A;S can be described by Avrami model. The value of kinetic exponent
n = 3 implies that the hydration was controlled by nucleation and three-dimensional crystal growth. Calculated values of acti-
vation energy for water/solid ratio 0.5, 0.7 and 1.0 were 21.0, 17.2 and 16.4 kJ/mol.

(* In this paper usual cement chemistry notation is used in which: C = CaO, S =80, A=Al0, H= H,0)

INTRODUCTION

Calciumsulfoaluminate cements belong to the class
of low-energy cements (LEC) [1-3]. These cements
differ from traditional ordinary portland cement (OPC)
by clinkering temperatures, and also are classified as
"low-CO, cements" [4]. The main mineral phase is
C,A;S, which does not occur in OPC and markedly sup-
ports to consequential properties of calciumsulfoalumi-
nate cements. The applications of these cements have
recently been receiving growing interests [4-10]. Until
now, the hydration of calciumsulfoaluminate cements
has been investigated with respect to their capability to
set and harden, as well as with to their mechanical pro-
perties and microstructural development [5-10]. The
hydration of C,A;S alone leads to the formation of
monosulphate (equation (1)), while in environment with
higher water content, C,A;S hydrates (equation (2)) are
formed besides ettringite, monosulphate, hydrogarnet,
and gibbsite. These hydrated products are found to co-
exist, but ettringite can finally convert to monosulphate.

C4A3§ + 18 H= C4A§H12 + 2AH3 (1)

4C4A3§ + 80 H= C6A§3H32 + C4A§H]2 +
+ 2C;AH, + 8AH, (2)

The hydration of C,A,S is an exothermic reaction,
and the heat evolved can be measured by conduction
calorimeter. Therefore, the effect of temperature and
water/solid ratio can be investigated.

The hydration of system including C,A;S phase has
been investigated at 20°C. Satisfactory results were
obtained by studying the influence of chemical admix-
tures upon C,S—C,A,S—CS system [11]. It was found
that the chemical compounds like calcium chloride and
aluminum chloride substantially inhibit the hydration
rate, while sodium sulphate and aluminum sulphate
enhances the reaction of the system with water. Addi-
tionally, the influence CS annealed at different temper-
atures was investigated [12]. It is important to empha-
size that the hydration rate of the given system depends
on the particle size of individual clinker minerals [13].
All of these results demonstrate that the mechanism and
hydration rate of calciumsulfoaluminate cements
depend on several factors. As it is well known, hydra-
tion of cementitious materials is a complicated reaction
involving several processes: individual and interdepen-
dent chemical reactions of clinker minerals, heat evolu-
tion, setting, hardening, and microstructural changes.
With respect to the complexity of hydration and factors
influencing the reaction rate of cement, in the present
experimental work we reported on the kinetics and
mechanism of C,A;S hydration by following the heat
evolution under different temperatures and cement/solid
ratios. There are two model mechanisms of C,A,S hydra-
tion: a topochemical and through-solution mechanism.
According to the first one, products of hydration are
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formed on the surface of C,A;S, while in the second
mechanism the hydrated products are precipitated from a
solution supersaturated with respect to Ca™, [Al(OH),]
and SO,”. The mechanism of C,A;S hydration is
markedly influenced by external factors and it is com-
plicated to postulate that hydration occurs only by a one
mechanism. This idea was supported by Palou and
Majling [14], who ascertained that hydration of calci-
umsulfoaluminate cements proceeds by a mechanism
lying somewhere in-between these two extremes. The
predominance of the first or second mechanism will
depend on factors such as temperature, water/solid
ratio, specific surface, chemical admixtures, and their
"scale". There is still divergence of views on the mech-
anism of C,4A;S hydration under different conditions
[15, 16] that justifies our investigation.

The aim of this work was to determine the simulta-
neous influence of temperature and water/solid ratio on
the kinetics and mechanism of the C,A;S hydration. The
measurements of heat evolution of C,A;S powder at
water/solid ratio 0.5, 0.7, and 1.0 were performed at
four different temperatures 25°C, 40°C, 70°C and 80°C
using a conduction calorimeter. The calorimetric esti-
mate of heat evolution as a function of temperature at
different water/solid ratios were modeled using Avrami
kinetic equation (3) to interpret the extent of hydration
o

oa=1-¢* 3)

where ¢ is time of crystallization, k is temperature-
dependent rate constant; n characterizes the geometry of
the reacting interface and is independent on tempera-
ture. Temperature dependence of the rate constant k is
supposed to obey the Arrhenius relationship:

-E,

k=Aex 4)
where A4 is a temperature-independent constant (fre-
quency factor), T is absolute temperature, R the univer-
sal gas constant (8.314 J/molK), and E, an activation

energy (typically in kJ/mol).
Experimental works are carried out to determine
kinetic parameters and understand the mechanism of
calciumsulfoaluminate hydration. For that we studied

the hydration of individual minerals under variable con-
ditions.

EXPERIMENTAL

Homogenized mixture of reagent grade CaCOs,
Al(OH); and CaS0O,2H,0O was calcined twice for two
hours at 1250°C in platinum crucible to synthesize
C4A;S. The obtained mineral was milled to specified
fineness (to pass a 40 um sieve). The mineral purity was
controlled by STOE Powder Diffraction System using
CoKo radiation. The rate of the heat evolution was
measured with a conduction calorimeter (ZIAC, Ger-
man Academy of Science) [17]. The sensitive part of the

calorimeter consists of a system of two cells inserted in
an isolating metallic block. The first, containing the
standard sample, acts as a reference, and the second one
contains the sample of hydrating cement. This system is
covered by solid foam of polyuret, which isolates the
metallic block from the lid. Heat flux transducer links
the two cells. When the exothermic hydration reaction
starts, the temperature difference between the two cells
generates electromotive tension such that the flux pro-
portional to the heat transfer is continuously monitored
through a converter module as a temperature rise in the
hydrating cement. The temperature data are then used to
determine the flow of heat generated and the heat of
hydration. The device allows measuring simultaneously
four samples connected in difference to an inert refer-
ence sample. Furthermore, measurements can be per-
formed in temperature range from 10 to 90°C. Four
measurements of 2 g of single-phase C4AsS sample
were carried out with a water/solid ratio of 0.5, 0.7, and
1.0 at 25, 40, 60, and 80°C. The data stored on the hard
drive personal computer was afterwards plotted and
analyzed. The results of heat evolution curve are a mean
of four data.

RESULTS AND DISCUSSION

The course of heat evolution during hydration is
described by means of calorimetric curves (figures 1-3).
The figures demonstrate the influence of temperature
upon the calorimetric curves at constant value of
water/solid ratio. The same features can characterize all
these curves. At the first contact of C4A;S powder with
water, heat is evolved. This fast reaction of a short time
is characterized by a little peak at earlier period fol-
lowed by an induction period during which almost no
heat effects are observed. Then the rate of hydration
increases, it reaches its maximum, and finally decreases
to the level of induction period (reaction is calorimetri-
cally finished). The principal hydration peak appears
during this period. The shape of the main peak, its mag-
nitude and time of its maximum characterize the influ-
ence of temperature and water/solid ratio on the kinetics
and mechanism of hydration. From the curves obtained,
it is obvious that with increasing temperatures the inten-
sity of hydration at all water/solid ratio increases. The
duration of the induction period is shortened with the
temperature increase. At higher temperature (60°C and
80°C) this thermal effect on the length of the induction
period is negligible. With the increasing temperature,
the shape of the main peak also changes. This is con-
nected to the change in the hydration mechanism. As the
dissolution rate depends on the water content, with
lower water/solid ratio, primary hydration products are
formed around C,A;S grains. They behave as a protec-
tive layer, which slow down the diffusion of water and
ions. If one accepts that the temperature at great extent
influences the dissolution rate of mineral C,A,S, it can
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be postulated that at lower temperatures with lower
water/solid ratio the topochemical mechanism predomi-
nates whereas at higher temperatures with excess of
water the hydration reactions are driven by the through-
solution mechanism. The peak profile (shape) supports
this idea. By through-solution mechanism, the peak of
hydration are shifter with reduced induction period.
Indeed, when the bulk solution is supersaturated with
respect to different ions, the precipitation is very fast
and the rate of hydration is intensive. By topochemical
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Figure 1. Influence of temperature upon hydration heat evolu-
tion at water/solid ratio 0.5.
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Figure 2. Influence of temperature upon hydration heat evolu-
tion at water/solid ratio 0.7.

mechanism, the creation of protective layer retards the
diffusion of ions and water. In the meantime, this pro-
tective layer can set and additionally more retards hydra-
tion process. Then, the induction period is longer and the
subsequent process is less intense. Calorimetric curves
with the reduced intensities are extended over time.

Influence of water/solid ratio

Figures 4-7 show the effect of water/solid ratio at
different temperatures. At lower temperatures (25°C
and 40°C) intensity of hydration heat increases slightly
with increasing water/solid ratios. Additionally, the
hydration is accelerated with respect to the length of the
induction period. The profile of the curves is extended
over time. At higher temperatures (60°C and 80°C), the
peaks of hydration heat are higher and narrower with
shorter induction periods. The results of the rate of
C4AsS hydration at 60°C and 80°C under different
water/solid ratio values clearly demonstrate that not
only hydration kinetics are strongly temperature-depen-
dent, but that also hydration occurs through another
mechanism. Calorimetrically, hydration is finished after
2 hours at 80°C, and 3 hours at 60°C. The culminated
effect of temperature and water/solid ratio upon the
kinetics of C,A;S hydration is not full understood. At
higher temperature (60°C and 80°C), water is partially
evaporated, but the main interpretations come from the
effect of temperature upon the mechanism of hydration
and the nature of hydration products.

Indeed, the course of hydration according to equa-
tions (1) and (2) clearly demonstrates that products of
C.A;S hydration are closely dependant on the water/
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Figure 3. Influence of temperature upon hydration heat evolu-
tion at water/solid ratio 1.0.
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/solid ratio. At higher water/solid ratio, the reaction pro-
duces monosulphate besides ettringite, hydrogarnet, and
gibbsite, while at lower water/solid ratio, monosulphate
is a unique phase. The formation rate of ettringite and
monosulphate is not identical. In the non-equilibrium
C,A;S-water system and in excess of water (water/solid
ratio 0.7 and 1.0), ettringite is always precipitated at
earlier period of hydration through different mecha-
nisms, and then it can convert to monosulphate. As the
dissolution kinetics depends on the temperature, the
same is valid for the solubility product, which charac-
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Figure 4. Influence of water/solid ratio upon hydration heat at
25°C.
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Figure 5. Influence of water/solid ratio upon hydration heat at
40°C.

terizes the saturation of liquid. With the water/solid
ratio increasing, we observed a decrease of intensity and
postponement of the reaction at higher temperatures
(60 and 80°C). As it is well documented in the literature
[18], the crystallization theory postulates that the hydra-
tion products are formed by precipitation from a super-
saturated liquid. The reaction is then postponed because
the supersaturation is retarded and this occurs at higher
temperatures with increasing water/solid ratio. In other
words, supersaturating of liquid has decreased with
increasing temperatures. The ion activities becoming
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Figure 6. Influence of water/solid ratio upon hydration heat at
60°C.
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Figure 7. Influence of water/solid ratio upon hydration heat at
80°C.
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reduced in bulk solution, and a decrease of intensity of
hydration is observed. At lower temperature, the disso-
lution rate depends mainly on the water/solid ratio.
C.4A;S dissolves slowly, but the dissolution is accelerat-
ed with growing temperature, and then supersaturation
is controlled by the dissolution rate. At lower tempera-
tures (25 and 40°C) the intensity of hydration reaction
increases with increasing values of the water/solid ratio,
and according to equation (1), monosulphate is the
unique phase formed at lower water/solid ratio (0.5).

But at higher water/solid ratio, the hydration inten-
sity decreases with temperature and ettringite, monosul-
phate, hydrogarnet, and gibbsite are formed. Recently,
Jeffrey and co-workers have demonstrated that super-
saturation levels of ettringite and monosulphate
decrease with increasing hydration temperature and that
the final saturation level with respect to ettringite are
higher than that of monosulphate [19].

Based on equation (4) a plot of £ versus //T gave a
straight line with its slope proportional to the activation
energy E,. It was found that £, depends on the water/
/solid ratio. The higher the water/solid ration, the lower
the activation energy. The values 21.0, 17.3, and
16.4 kJ/mol at water/solid ratios 0.5, 0.7, and 1.0,
respectively are lower than those found for Portland
cement [20, 21], but the experience has been achieved
under higher water/solid ratio and furthermore, the tem-
perature sensitivity of C,A;S hydration can differ from
that of C;S.

CONCLUSIONS

From the obtained results the following conclusions can

be drawn:

e The hydration reaction of C.AsS is accelerated with
increasing temperatures at water/solid ratio of 0.5, 0.7,
and 1.0.

e The hydration reaction is accelerated with increasing
water/solid ratio at hydration temperature of 25°C and
40°C. At the higher temperatures (60°C and 80°C) the
intensity of hydration decreased with increasing
water/solid ratio

e The profile of the main hydration peak is shaper with
increasing temperatures that indicates the change in
mechanism of hydration.

e Arrhenius” model was applied to calculate activation
energy under different water/solid ratios 0.5, 0.7 and
1.0. The value of exponent n characterizes nucleation
and crystal growth according to Avrami formulation.
Activation energy (21.0, 17.2, 16.4 kJ/mol, respec-
tively) is dependent on the water/solid ratio.

Acknowledgement

The authors thank Slovak Grant VEGA 1/0245/03
for financial supports.

References

1. Striga¢ J., Palou T.M, and Kristin J., Majling J.: Cera-

mics-Silikaty 44, 26 (2000).

Quillin K.: Cem.Concr.Res. 31, 1341 (2001).

Palou M. T, Majling J.: J.Therm.Anal. 46, 557 (1996).

Gartner E.: Cem.Conr.Res. 34, 1489 (2004).

Péra J., Anbroise J., Chabannet M.: Cem.Concr.Res. 32,

557 (2004).

Péra J., Ambroise J.: Cem.Concr.Res. 34, 671 (2004).

7. Palou M. T., Majling J., Janotka I., Dan E., Popescu D.:
Ceramics-Silikaty 42, 105 (1998).

8. Palou M. T., Majling J., Janotka I. in: 11" ICCC, Vol. 4,
p.1896, Durban 2003.

9. Janotka I., Kraj¢i L., Ray A., Mojumdar S. C.: Cem.
Concr.Res. 33, 489 (2003).

10. Long S., Dong J., Yan C.: Cem.Concr.Res. 32, 1653
(2002).

11. Palou M. T, Majling J.: J.Therm.Anal. 46, 549 (1996).

12. Sahu S., Majling J., Havlica J. in: 9" ICCC, Vol.4, p.443,
New Dehli 1992.

13. Palou M. T, Majling J.: Ceramics-Silikaty 417, 125
(1997).

14. Palou M. T., Majling J.: The Chemistry and Micro-struc-
ture of Cements and Concrete, Book of abstracts, p.7 -9,
Ed. University of Sheffield, Sheffield 1996.

15. GabriSova A., Havlica J., Sahu S.: Cem.Concr.Res. 21,
1023 (1991).

16. Havlica J., Sahu S.: Cem.Concr.Res. 22, 672 (1992).

17. Smr¢kova E., Palou M. T., Tomkova V.: J.Therm.Anal.
46, 597 (1996).

18. Lea F. M.: Chemistry of Cement and Concrete, 4" ed.
p-248, Arnold, London (1998).

19. Thoma J. J., Rothstein D., Jennings M. H., Chistensen B.
J.: Cem.Concr.Res. 33, 2037 (2003).

20. Thomas J. J, Jennings H.: Chem.Mater. /1, 1907 (1999).

21. D’Aloia L., Chanvillard G.: Cem.Concr.Res. 32, 1277
(2002).

Nk e

.0\

UVOLNOVANI TEPLA A MECHANISMUS HYDRATACE
V SYSTEMU CaO-Al,0,—S0O;

MARTIN DOVAL, MARTIN PALOU, VLADIMIR KOVAR
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Fakulta chemickej a potravinarskej technologie,
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Hydratace systému CaO—-Al,0;—SO; jsme zkoumali v tep-
lotnim rozmezi 25 az 80°C a pfi tiech riznych pomérech
voda/tuha faze 0,5; 0,7 a 1,0 pomoci izotermalniho vodivostni-
ho kalorimetru. Pfedpokladali jsme, Ze hlavni mineralni slozku
je C.A;S*, znama jako Kleinova slouéenina. Vzrist teploty
hydratace vedl k urychleni jejitho pocatku pii vSech pomérech
voda/tuha faze, jak bylo patrné z maxima rychlosti hydratace.
Rovnéz bylo zifejmé, ze velikost hlavnich pikil rostla s ros-
toucim pomérem voda/tuha faze pii teploté hydratace 25°C a
40°C. Pii vyssich teplotach (60°C a 80°C) velikost hydratace s
rostoucim pomérem voda/tuhd faze naopak klesala. Kinetiku
hydratace C,A;S lze popsat Avramiho modelem. Hodnota kine-
tického exponentu n = 3 ukazuje, Ze hydratace je fizena nuk-
leaci a trojrozmérnym rustem krystall. Vypocitané hodnoty
aktivacni energie pro pomér voda/tuha faze 0,5, 0,7 a 1,0 byly
21,0, 17,2 a 16,4 kJ/mol.
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