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ABSTRACT

Isothermal calorimetric measurements of $-CaSOQ, -0.5 H,O hydration by
liguid water between 5 and 50°C show that the hydration rate passes through a
maximum at about 35°C. This phenomenon is explained theoretically by considera-
tion of the crystallization and dissolution constant rates and the solubility diagram.

It results from the fact that the usual increase of rate constants with temperature
is associated with a variation, in opposite directions of the positive difference cf
solubility between the two salts. This phenomenon is certainly general and may be
found in the study of other pairs of salts.

INTRODUCTION

In previous investigations!* 2, the variation of hydration rate of hemihydrated
calcium sulfate with temperature was studied by isothermal calorimetry. It was shown
that the time, #,, corresponding to the maximum of thermal flow, @, related to the
hydration reaction passes through a minimum at about 35°C and that the values
of @,,, which are directly proportional to the hydration rates, pass through a maxi-
mum at the same temperature (Fig. 1).

In a recent paper®, a kinetic interpretation based on the fact that the total
reaction may be represented by two simultaneous phenomena has been proposed

dissolution:solid 1 (hemihydrate) 4+ water — solution
recrystallization : solution — solid 2 (dihydrate)

This interpretation is based on the proved approximation of the equality of the
dissolution rate of hemihydrate and the crystallization rate of gypsum (dihydrate).

A close examination of experimental resuits** ° with regard to the kinetics of
dissolution of crystallized salts in water allows the relative variation of a characteristic
dimension r (initially r,) of crystals to be expressed in the form
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Fig. 1. §B, Variation of 1, with temperature. {J, Variation of the maximum of the thermal flow,
Dy, between 5 and 50°C.

dr
= — ky(CB = Cp)" i
o :
where &, is the rate constant which depends on the temperature 7, C5 — Cp

is the difference, at the temperature 7, between the concentration at saturation Cg
and the concentration Cp at time ¢, of the dissolved salt, and m is an exponent
(generally an integer).

The expression for r versus time is obtained by integration of the above ex-
pression.

r=ro |1l =k f(cg — Cy)"dt

To
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The volume v of a grain at time 7 may then be expressed as
t 7 P1
v=1v |1 — k, f(Cg — Cp)"dt
fo

where v, is the initial volume at time f,.

If we call o the global degree of conversion of the hemlhydrate into gypsum,
the above relation is written

] : t P
1 —a = 1—k1f(cg—c.,)"'dz
To

The expression for the dissolution rate
Vp = p, kK (CS — Co)" (1 — &)(m—l)!m
is derived and by analogy the rate of crystallization is written
Ve = py ko(Cp — C‘,‘;)" P2~ 1Pz

where C[ is the saturation concentration at temperature T of the crystallizing salt.
In the particular case, CJ is the saturation concentration of the hemihydrate
in the aqueous solution used for hydration at time 74, and CJ is the concentration
of the same solution when the hydration reaction can be considered as completed.
The conversion rate for which the rate is maximum is then, as a first approxima-
tion ‘

mp,(p, — 1)
mpy(p, — 1) + np(p; — 1)

independent of the temperature at which the reaction takes place3.

This remarkable property of o, allows the maximum of the rate of the hydra-
tion reaction for hemihydrated calcium sulfate, CaSO, - 0.5 H,O, into gypsum,
CaSO0, - 2H,0, to be determined at 35°C.

amnx -

THEORETICAL INTERPRETATION

Under the above conditions, the maximal rate of the gypsum formation
reaction is written

= F\n _(p2—1
Vimax = P2 k2(Cp — Cp)" o p2

Cp being the concentration at maximum rate. Thus, the maximal rate depends of
the temperature only through the product of k, and (Cp, — CE)".

The existence of an absolute maximum of the maximal rate V_, for a tempera-
ture Ty, is given by
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Fig. 2. 1, Variation of the concentration of CaSO;4 in the aqueous solution with time during hydra-
tion. 2, Variation of the corresponding thermal flow with time.

d - -
a7 [k2(Cp — Cp)'] =0

Let us assume that k, obeys the Arrhenius law, k, = ko, exp(— E./RT), where
E, is the apparent activation energy of the crystallization reaction and kg, a factor
appreciably independent of T" and let us write, according to the shape of the experi-

mental curves (Fig. 2) of the variation of the concentration of calcium sulfate in
’solution and of the reaction rate versus time
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Fig. 3. Solubility curves of calcium sulfates in water.

6D - Cg = (Cg - CS) (1 - amax)

The condition of existence of the maximum becomes

a7 [exp(—E/RT)C3 — CE)"] =0
and, referring to the hemihydrate and gypsum solubility curves (Fig. 3)®: 7 it can
be seen that CJ is practically independent of temperature compared with Cg, the
variation of which is best expressed for temperatures between 20 and 80°C, by

AH® (1 1
0 _ 0 = V- _ =
Cp = Czos exp [ 7R (298 T)]

AH® is comparable to an apparent dissolution heat of hemihydrate under a pressure

of one atmosphere.

This enthalpy variation is supposed to depend only very little on temperature
in the range 20-80°C. ‘ »
One calculates AH° = —8.3 kcal mole™* (or —35.0 kjoule mole™!).

' 0 F n
d [exp (— E_./RT) {exp [ il (—1— — i):l — Cp } ] =0
T 2R \208 T }C‘z’gs




76

Let us write C5/C3,5 = g, practically independent of 7. The temperature of
the maximum is the solution of the equation ’

d E. +AH°(1_1)]_’ . [_ Ec"|"_0
Aar 1P |7 wRT T 2R \2%8 T T 9 exp nRT |{ —
After derivation, one finds the following relation between E, and 7,,,, which corre-
sponds actually to a maximum '

E - _ . n AH®2
e ()
S TAPI TR\ T T
Using the values AH® = —8.3 kcal (or —35.0 kJoule), g ~ L and 7,,, = 308 K in

the former equation, we find finally E. = 6 »n kcal mole™? (or 25 »n kJoule mole™?).
In the case of a crystallization process, governed by diffusion, we generally use # = 1.
If the process is governed by interactions between water and dihydrate, we use
n = 2. So, for a diffusional process E., = 6 kcal mole™' (or 25 kJoule mole™")
and for a non-diffusional process, E., = 12 kcal mole™! (or 50 kJoule mole™1).

Values found in the literature®~'° are in good agreement for non-diffusional
processes: E., ~ 15 kcal mole™! (or 63 kJoule mole™?).

Conversely, using the values of E. we could have calculated 7,,,,. So, we are
in right to consider the existence of a maximum rate at 35°C resulting from variations
in the opposite direction of the rate constant which increases, and the concentration
difference C — Cf, which decreases as temperature increases.

CONCLUSION

By means of a simple kinetic model, it has been shown that the existence of a
maximal rate at 35°C of the hydration reaction of hemihydrated calcium sulfate is
_explained by the usual increasing of rate constants with temperature, associated with
a variation in the opposite direction of the positive difference of solubility between
the two salts. '

This phenomenon may be observed in other cases of hydration including other
pairs of saits.
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