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DEHYDRATION KINETICS
BY NON-ISOTHERMAL TECHNIQUES

R. S. KaLyonNcu, M. E. Tabros, A. M. BArRATTA and J. SKALNY

Martin Marietta Laboratories 1450 South Rolling Road Baltimore, Maryland 21227 USA
(Received September 15, 1975)

The kinetics of thermal degradation of some cementitious calcium aluminates, sulfo-
aluminates, sulfoferrites and carboaluminates were studied. Activation energies,
obtained by Morris and Rogers and Kissinger techniques, were found to be in good
agreement with each other.

A knowledge of the kinetics and energetics of thermal degradation of the hy-
drates of cement components is very important in view of their sensitivity to the con-
ditions of curing and use of cement. The research activities in this are have been
limited to observations of the crystal structure and morphology changes with
temperature, or measurements of the weight loss as a function of temperature.
In studies of kinetics and energetics of solid state decomposition reactions,
mostly isothermal methods have been used. In order to determine the kinetic
parameters of a reaction with isothermal methods it is necessary to evaluate a
series of experiments performed at constant temperature. This requires a consid-
erable amount of time for experimental work. It would be of greater value if one
were able to estimate the kinetic parameters of a solid state decomposition reaction
from a single DTA curve.

Kinetic data on the thermal decomposition of some siliceous cementitious
hydrates have been reported by the authors [1, 2]. In this article the activation
energy results are reported on selected calcium aluminate (ferrite, sulfate) hydrates
estimated from data obtained under non-isothermal conditions from one [3] or
more [4, 5] curves.

Experimental

The four double salts studied, tetracalcium aluminate monosulfate-12-hydrate,
6-calcium aluminate trisulfate-32-hydrate (ettringite), 6-calcium ferrite trisulfate-
32-hydrate (iron-ettringite), and tetracalcium aluminate carbonate-11-hydrate
were obtained from the Portland Cement Association, Skokie, Illinois. Tricalcium
aluminate-6-hydrate was prepared by hydrating CagAl,O4. Reagent grade calcium
sulfate dihydrate (gypsum) was purchased from the Baker Chemical Company.
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234 KALYONCU et al.: DEHYDRATION KINETICS

All the materials were characterized by X-ray diffraction and differential thermal
analysis, using a Phillips XRD-3000 diffractometer and Mettler Thermoanalyzer 1,
respectively. DTA curves of these compounds are shown in Fig. 1. X-ray
diffraction analyses have shown all the d-spacing characteristic of the compounds
studied with no minor impurities detected [6]. Thermogravimetric results revealed
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Fig. 1. DTA curves of the compounds studied

that a small portion of the loosely bound water in the higher hydrates was lost
in sample handling. Experimental data used in the calculation of activation energies
were obtained with a Mettler DTA-2000 system, using 2 to 5 mg samples and an
optimum A7 sensitivity of 115 uV/°. High purity Indium metal was used for calibra-
tion.

Results and discussion]

Typical examples of data obtained by the Rogers and Morris [3] and by the
Kissinger [4, 5] methods on some of the material studied are depicted in Figs 2
through 4. The Rogers and Morris method analyzes the data from a single curve
in the form of distances between the reaction curve and the base line at selected
temperatures, The distance measured from the base line to the reaction curve is
proportional to the rate of heat evolution or absorption and, therefore, is pro-
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portional to the reaction rate constant. The activation energy for the decomposi-

. D I . .
tion reaction is estimated from the plots of In d vs. - using the equation:

Ind, — In d, E
1 1 "R 0
T, T,

where d; and d, are any two distances from the base line to the reaction curve on
the low temperature side of the peak, corresponding to temperatures 7; and T;
R is the universal gas constant, and E is the activation energy for the reaction
represented by the given endotherm,

The Kissinger method [4] utilizes the shift in the peak temperature with heating
rate. The working form of the expression is:

d|In %] z
R ?
)

dr
e T, is the temperature of the peak (K), E is the

activation energy, and R is the universal gas constant. The method is based on
the premise that the maximum reaction rate takes place at the apex of the peak.
In reality, however, the maximum reaction rate occurs at some temperature
between the low temperature inflection point and the peak temperature. In
fact, the peak temperature is the point at which therate of heat evolution (or absorp-

where the heating rate ¢ =
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Fig. 2. Arrhenius plots of Ettringite decomposition using the Rogers and Morris method
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tion) is equal to the rate of heat transfer to the sensing element. Mathematical
justification of the above assumption is given by Kissinger [5] and also has been
demonstrated graphically by Vold [6].

In addition to the above assumption, a number of other assumptions (e.g.,
uniform cell temperature; constant Cp, K and AH values with temperatures; and
heat transfer by conduction alone) are implicitly included in the treatment of the
kinetic data by the method. In the original work of Kissinger [4], these assumptions
were very difficult to justify due to use of very large sample sizes (in the order of
500 to 1000 mg) and the lack of precision in the temperature measurements. In the
present work, however, most of these assumptions could fully be justified by use
of very small samples size (e.g., 2.0 mg) and by very high precision in temperature
measurement.

Another assumption, important in the Rogers and Morris method, is the con-
stant mass of sample throughout the reaction. Kirby [7] has shown that even

Table 1
Activation energies and enthalpies of dehydration of the compounds
studied
DTA Activation energies of dehydration, kcal mol -1 Entl;?Ipy
Material and chemical formula tl:;l;. Kissin- Rogers anﬂdorris method dehy-
°C ger o o o o dration,
method | 3°/min | 10°/min 1 15°/min ’25 {min cal/g
5
1 Calcium sulfate dihydrate !
CaS0,.2H,0 ~ 150 — 39 — 355 39.5 100
2 Tricalcium aluminate
hexahydrate
CayAl,(OH),, ~ 300 — . 34 — 36 36 42
3 Tetracalcium aluminate
monosulfate-12-hydrate ~200 16.5 — — — — 68
[Ca,AI(OH),] [0.5(SO,). |
3H,0] ~ 280 640 — — — —
4 Hexacalcium aluminate
trisulfate-32-hydrate
(Ettringite)
Ca[AI(OH)),.24H,0
[(50,);.1 H;0O] ~130 17.5 17.3 17.5 16 16 148
5 Hexacalcium ferrite
trisulfate-32-hydrate J
(Fe-ettringite)
Cay[Fe(OH);1,.24H,0
[(SO,),.1 HyO] ~ 130 20.5 18 — 21 21 100
6 Tetracalcium aluminate |
carbonate-11-hydrate ~ 170 13.5 17 16 17 17 98
[Ca, AI(OH,] [0.5(COy). ‘
2. 5H,0] ~260 16 15 14 — —
| ‘
| | l
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though the heating rate per unit mass increases with temperature, a point is
eventually reached at which the mass remaining is so small that the combined
effect begins to decrease and reaches zero when the reacting mass approaches zero.
This could not be the case in our experiments where the total weight loss never
exceeded 409 of the original weight.
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Fig. 3. Arrhenius plots of Ironanalog of Ettringite decomposition using the Rogers and Morris
analytical approach

The activation energies obtained using the two methods are summarized in
Table 1. It shows a general consistency of activation energy values between the
Rogers and Morris data obtained for various heating rates, as well as good agree-
ment between these data and those calculated by the Kissinger approach. Only
the Kissinger values were obtained for tetracalcium aluminate monosulfate-12-
hydrate. It decomposes in several steps, the low temperature one being by itself
a muitiple peak. This has been shown also by TG, EGA, and X-ray analysis [8].
Similarly, the tetracalcium aluminate carbonate-11-hydrate decomposes in at least
three steps, the two higher temperature peaks occurring at somewhat lower temper-
atures than those of ~monosulfate. Note the difference in their activation ener-
gies for the pedks at 260—280°. Ettringite and its iron-analog have activation
energies in good agreement with each other and the decomposition peaks -appear
at simildar temperatures. In contrast with the ettringite used, the iron-ettringite did
not show a small endotherm at about 270°,
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Rogers and Smith [8] provide a means of estimating the pre-exponential factor
A for the Arrhenius expression using DSC. Their method describes the deflection
from the baseline, D, by the equation:

D =amAexp (—E/RT), 3

where g is the heat of reaction per unit weight of the sample divided by the sen-
sitivity factor of the instrumcnt, and m is the mass at any time, They differentiate
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Fig. 4. Arrhenius plots of Ettringite (0) and its iron-analog (e) using the Kissinger method

this equation with respect to time and set dD/d¢ equal to zero at the peak of the
curve to obtain:

OT/dt Eexp (~ E[RT,,)

RT,2 ’ “)

where T, is the temperature at which D reaches its maximum and d7/dz is the
programmed heating rate. The values of 4, calculated for the studied substances,
compare well with those of clay minerals reported by Kissinger [5]. Expression (4)
is applicable only to first-order reactions [5]. The degree of asymmetry of the DTA
peak can be expressed in terms of reaction order providing that the peak shape is
independent of the heating rate and the values of the kinetic constants. To quanti-
tatively describe the peak shape, Kissinger [5] defines a “‘shape index” as the
absolute value of the ratio of the slopes of tangents to the curve at the inflection
points. Using the above technique, the calculated reaction orders of the studied
decomposition reactions were found to be between 1.005 and 1.09. This shows
that the dehydration reaction rates of these materials can be assumed to be first
order as a first approximation.
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In conclusion it can be stated that, under the experimental conditions used,
the Kissinger method can give as good results as the Rogers and Morris method.
The close agreement between the respective results, and better justification of the
assumptions concerning some thermodynamic (C,, AH) and thermal parameters
{heat conduction rate and mechanism) enables the use of Kissinger technique in
studying thermal decomposition of solid materials.
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RESUME — On a étudié la cinétique de la décomposition thermique de plusieurs constituants
du ciment tels les aluminates, sulfoaluminates, sulfoferrites et carboaluminates de calcium.
Les énergies d’activation obtenues en appliquant la méthode de Morris et Rogers ainsi que
celle de Kissinger sont concordantes.

ZUSAMMENFASSUNG — Die thermische Zersetzungskinetik einiger im Zement befindlicher
Kalziumaluminate, Sulfoaluminate, Sulfoferrite und Karboaluminate wurde untersucht.
Die nach den Methoden von Morris und Rogers, sowie Kissinger erhaltenen Aktivierungs-
energien stimmten gut {iberein.

Pestome — Bhuta u3ydenma KHMHETHKA TEPMHYECKOrO Dacmajia HEKOTODBIX HEMEHTHPYFOIIMX
ANFOMHAHAT-, CYTbHOATFOMHIHAT~, CyIb()0dePPATOB U KapOOATIOMHHATOB KaIbUHs. Y CTAHOBJIEHO,
4TO 3HEPIUA aKTHBALMHA, MOJIyYeHHEIE 0 MeTony Mopprca u Pomkepa, a Takxe Kuccunmxepa,
XOpOWmO COriacyrrcs Opyr ¢ APYrOM.
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