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The thermal decomposition of tricakium aluminate 6_hydrate* has been 

studied and kinetic parameters determined for each of the two stages in the reaction. 
The first sta_ee was studied in the temperature range 505-610 K and the second 
between 950 and 1025 K at partial pressures of water vapour between 0.1 mN m-’ 
and 3.2 kN m- 2_ For the first stage befow 555 K the rate-controlling process is one 
of nucleation and growth of product phase, which chanp at higher temperatures to 
a diffusion-controlled process. The Arrhenius parameters for each of these processes 
vary with external water vapour pressure_ The second stage of the reaction is control- 

led by a phase boundary reaction for which Arrhenius parameters are given. 

The calcium aluminate hydrates are of importance by virtue of their occurrence 

in various hydrated cements. Tricalcium aluminate 6-hydrate (C+Ai2(OH),,, 
3CaO*AI,O, -6H2O, &AH,) is of particular importance due to its formation in the 

conversion of high alumina cements according to the folfowing equation: 

3CAHre = C,AH,+2AH,+33H 

The formation and properties of &AH, have been studied by ThorvaIdson 
and his coworkers’*’ who suggested that the thermai decomposition foIlowed the 
~WitiOIlS: 

C&-&s = C3AH,_Sf4-5H 

C;AHr.s = C,,A,cCA,+H 

This interpretation was challenged by Majumdar and Roy3 who suggested that the 
normal thermal decomposition was a non-equilibrium decomposition which only 
occurred at low vapour pressures of water, In addition to outlining the reactions 
taking place at high pressures, they suggested that the atmospheric pressure de- 

*Qmcnt nommclamre will be used throughout, C = CaO, A = AllO,, H = HzO, therefore 
Al(OH'),= AHs. Ca(OH)z = CH, CaO-AlzO,- IOH = CAHlo- 
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composition should be formulated as: 

7C,AH6 = C;zA,+9CH+33H 

and that the second stage in the reaction is the dehydroxyIation of the calcium 
hydroxide produced by the first stage. 

It has recently been suggestedJ, on the basis of infrared and weight-loss data, 
that the slight discrepancy between experimental and calculated weight losses in the 
decomposition can be explained by the formation of the monohydrate of ClzAt, 
and that the best fonnuIation for the reaction is as follows: 

7C&H6 = &A7Hi9CH+32H 

9CH = 9C;9H 

Starling materiaJ 

The hydrate was prepared by heating stoichiometric quantities of CaO and 
A120, in water in a glass pressure vessel at 423 K for two weeks_ X-ray diffraction 
(CuK, radiation) gave a pattern in excellent agreement with that published3. S.E.M. 
~kation showed well_c3~tzLllisecl material and a particle size analysis indicated 
that 80% of the crystals had diameters between 1.5 and 3 pm. 

Dehydrarion zecJmiques 

Isothermal dehydrations were carried out using a recording electrobalance and 
sampie weights of 9_0+03 mg were used thoughout. Constant temperatures (+ I “C) 
were maintained using an electric furnace and controher. Partial pressures of water 
vapour were maintained by passing nitrogen through water or salt solutions, or over 
drying agents and then over the sample. Thermo_mavimetric runs were carried out in 
a simiIar fashion except that the controher was used to programme the fumace- 
Heating rates between 2 and 100 K min- r were used. 

~tha@imeO’ic measurements 

A DuPont 950 thermal analyser with a caIorimeter module was used for 
enthaipy of decomposition measurements. Sapphire T used as the calibration 
stan_aar;l’_ 

Weight Zossq 
The maximum apparent weight Ioss varied with heating rate, & did the apparent 

number of stages in the decomposition_ These effects are shoti in Fig 1, from which 
it can be seen that the IOWB heating rates produced two obvious stages in the overall 
reaction. 
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Tumperature K 

Reducing the heating rate a.Iso increased the temperature separation between 

the two stages of the reaction by raising the decomposition tempemture of the 
caIcimn hydroxide. This meant that attempts to study this stage isothermally went 
difknlt using the present apparatus, since this meant operating the furnace at or near 

its maximum temperatore for Iong periods of time. The next section therefore refers 
to the Grst stage of the reaction only- 

The resuks for all runs (39 in all) were tested by comparison of experimental 
reduced time plots, based on the time for 50% reaction (a vs. t/rO_s, where a = pro- 
portion decomposed) with those for various model systems based on nuckation and 
growth control, phase boundary control, or difkion control of the dehydration 
reactio#. In all cases a correction_- made to the starting time to allow for the 
heating-up of the sample. 

For temperatures above 550 K and for all partial pressuk of water vapour 
studied, the curves were deceferatoxy and some of the experimental curves are shown 
in Fig. 2. toge*er with curvezj calculated for various reaction models. It can be seen 
that the ‘best fit’ between experiment and calculation varies slightry with temperature_ 
However, many of the experimental data can ~_&scrib& fairiy well by the parabolic 
lawa2=kL 

Figure 3 shows typicaJ a2 vs. t plots &d Fig. 4 the derived Arrhenius plots for 
valious partial pressWes oft water vapour. The_ v$ues of activation energies and 

fkequencyfactorarei&udedinTkbIeI_ _ 
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Fis.AArrheni us plot for Cempcrafures >SSSIL Chic A, O-13 mN rn-=; Curve B, 0.6 kN rn-=; 
Cm-vc~23kNm-2;aavtD,3-2kNm-2. 

Runs carried out below 550 K showed different behaviour, in that the weight- 
loss curves showed increasin g initiation periods as the temperature was lowered- At 
507M the best fit between experimental and calculated reduced time plots was in 
termsoftheA VTanG-Erof+Y equation, I&h n=2: 

--h(l_a)s& .- 

The This equa$cm implies that a nnck@n and g&th step is rate-controlling. 
var.&i611 in reduced-time plot with temperature is shown in Fis_ 5- _ _ 

.-/I 

Zmpmafure progranme~ heating. __ 

(a) Erst fiqe. Th? initiatiti periods for low teq3er&re qns increased rapidly 
as the tempera&e wzkl~wered and the time taken for a km becam~_e@remely long. 
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Fig 5, Variation in me&a&m with tanpaatua at constant water vapou pressurC Carvek 
Awami-Erofyev pIot (n F Z), -In (I -ap = kr; Cutve B. 2-dimdonal diffusion, (I -a) In (1 -a)+ 
a= kt_ 0 507Kx 569K; 0 52OK; a 587K; A 537K- PISSUX ofwdervapour=O_I3mNm-f 

The decompodtion was therefore studied by TG and the curves interpreted by the 
method of Satava and Skvara’, This requires that a calculated curve, based on an 
assumed mechanism, be compared with another derived from the experimental TG 
curve, the variabks involved being obviously the reaction mechanism and the 
Arrhenius parameters. It was assumed from the isothermal work that the first part of 
the reaction followed nuckation and growth kinetics and the latter part foliowed the 
mbolic law with the change tit a =0_4_ On this basis Arrhenius parameters were 
readily calculated from the TG curves and agreement between the isothermal and 
TG data for the diffiusion process is very good (Table 1). This suegests that the method 
of data treatment is useful and lends support to the parameters cakulated for the 
nucleation and growth process. 

(&) Szwndszage. A few isothermal runs were carried out and reduced time plots 
suggested that tht5ratscontroIling step was a phase boundary process occurrkg with 
spherical geometry_ The best fit between experiment and theory was in terms of the 

_ -. 

TABLE2.. 

VARIATION OF ARRHkNItk PkUMF2TkRS FOR THE SE&ND STAGE IN 
THE DEHYDtiTION OF C&Hi __ : 
P&idp~-~ 
ofluafei 

: AcriFaiion energy 

<iJl 
hgfrqrunqy f-r 
@cc-') 

0_13mNm-z 63 83 
0.6kNm” 67 8.3 
23kNm” 
321m-2. __- 

a0 : 79 
59 :- 73 : 

. 



The Satava-Skvara treatment was carried out on data from samples heated at 
2, 3 and 5 K min-‘_ Variation in water vapour pressure had little effect OP the 
Arrhenius parameters caIcuIated_ These are included in Table 2. 

lMh@y of &coinposih?.m 
The entbalpy of decomposition was calculated to be 260 kJ mol”, averaged 

over three runs. 

Reactiim mec- 
If a chemical reaction occurs by two different mechanisms at. different 

temperatures it wouId be expected that the process +th the highest actkation euergy 
(i_e_; tem&ratu.re coef&ient) should give way to a lower Bon energy process at 
higher temperatures_ From the resuIts given in Table I, it can be sezn that the nucka- 
tion and growth step has a figher activation euergy than the diflision process at aII 
watervapourpressurs studied_Itissa~gthattbisexpededchangeinmec~ 
hZlSbCCR0bservtdhltbiS-- 

Both kctivwion ermg.ies and frequency fkctors vary with external water vapour 
Pressure,==lwO rninisnum at 23 kNmY2. The activation energie!s are not 

_ ~hJghforsnchaproctss~ditseemsIikelythattherateisatIeastpartly 
controIIed by the variation in the fkquency f-r with water vapour pressure_ 
Freqaenc~ facto= in &id me ieaCtiOIlS have been stpdied by cordes*j Who suggests 

that low dues indicate a tmnsition state.with fewer degree% of fkedom than a 
normal gaseous -moIecuIe (A = 10X3)); This form of ‘tight’ complex .can also be 

_ assogattd with a snrfkcz reaction, and this explanation best fits this case, since the 
_kcreaseinwatervapourpresureparaIIeIstheincrease in A to-avaluedose to that 
for a gas&us mokcuk Increases iMX@rMlpnssurt are IikeIy to affect the crystal 
surf&e by sorption more than the bulk of the mat&al- 

ThevaIneofnF2inth!A vrami-Erofjrev equation can be iuterprete$ in two 
diflkrent waysf as tym-dimensional xkcki ~gr&ing froti ti constant neber -of 
nucIea.Gon sites or as one4imensioual. nuclei. growing f&n a Ii&a& &Grea&g 
munbcr,of sites. Attempts to d etermine how the number of nucIei changed wi& time 
wereansacccssll . _.__. - -_.- 

Ihe d#&m-conrroled regime 
Again_ both activation energy and kquency factors vary with kattktipour 

Pressure, but ~~-h===Ii=%Q_*th the p*: + ~&?z??_~..tht_~on_ - .._ _ - 
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process is a simple one and that the diffusing species is water. The frequency factors 
are again lower than 10L3 suggesting a restricted transition complex_ 

It.is considered that the low temperature nucleation and growth step, with its 
induction period, is the main reason for the rapid onset of decomposition. This 
rate-controlling step changes during the course of the reaction to one of diffusion, 
which, because it has a lower activation energy, gives a much slower rate of de- 
composition, 

Dehya?ro+ztion of calcium hydioxide 

The results obtained in this work are very simii to those obtained by Mikhaii 
et aL9, both in terms of mechanism and Arrheuius parameters. These authors have 
discussed the magnitude of the activation energy and decided that the phase boundary 
process was not single stage. Although they did not calculate frequency fiLctors, 
values calculated from their paper are in agreement with the present work in being 
considerably less than lOI3 set-‘_ 

Entfralpy of &compositiim 

The measured enthalpy is +260 kJ mol- ’ and the activation energy for 
decomposition should at Ieast equal this value_ An activation energy equal to the 
enthaipy would suggest a single-stage reaction; an activation energy less than the 
enthalpy indicates a multi-step process. The slowest of these steps is the true rate- 
determining step, and the activation energy, 185 ICI mol-I, establishes the maximum 
euthalpy change which can occur in any step. The difference between the activation 
energy and the overall enthalpy establishes a minimum value for the enthalpy change 
in the individual steps, i.e., all the enthalpy changes must he between 75 and 
185 kJ mol- 1 and total 260 kI moI_ ‘_ 
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