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Abstract

The effect of the atmospheric water vapor pressure on the rate of thermal dehyration of lithium sulfate monohydrate was
studied by means of isothermal gravimetry under various water vapor pressures, ranging from 0 to 2666 Pa. The kinetics of
dehydration was described by the two-dimensional Arvada—Erofe’ev type equation, A,(). An unusual dependence of the rate
of dehydration on the atmospheric water vapor pressure was observed as follows. At high temperature, the rate constant
increased with increasing water vapor pressure, reached a maximum and decreased gradually to a constant value. At low
temperatures, 90 and 100 °C, the rate constants decreased at first, passed through minimum, increased and then decreased.
These unusual phenomena are known as the Smith-Topley effects. The mechanism of the phenomena can be discussed on
the basis of the diffusion process of the dehydrated water molecules through the product phase. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The thermal dehydrations of solid hydrates have
been studied extensively by means of thermal analyses
such as the thermogravimetry (TG), differential ther-
mal analysis (DTA) and differential scanning calori-
metry (DSC). It has been known that the dehydrations
of hydrates are generally reversible and influenced by
the effect of the product phase on the ease of water
escape, because such residual product tends to greater
or lesser extent diminish the rate of diffusion of water
from the reaction interface.

*Corresponding author.
E-mail address: masuda@sc.niigata-u.ac.jp (Y. Masuda).

Smith and Topley reported that the rate constants for
the dehydration of manganese(Il) oxalate dihydrate
and copper(Il) sulfate pentahydrate varied unusually
with the partial pressure of atmospheric water vapor.
As the water vapor pressure increased, the rate of
dehydration initially decreased, then passed through a
minimum, increased strongly to a maximum, and
finally decreased more slowly [1,2]. This unusual
phenomenon is known as the Smith—Topley effect.
Recently, similar phenomena have been also observed
in dehydration of the other hydrates [3—6]. The effect,
however, has not been always recognized in all dehy-
drations. The authors found similar phenomena to the
Smith—Topley effect and pointed out that the effect
could be related to the crystallinity of the dehydrated
products [7-10].
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In the present study, the Smith—Topley effect can be
also observed for the thermal dehydration of lithium
sulfate monohydrate, and the mechanism of the phe-
nomenon is discussed briefly on the basis of the
crystallinity of the dehydration product and the trans-
fer of the dehydrated water molecules from the reac-
tion interface.

2. Experimental

Lithium sulfate monohydrate was purchased from
Wako Pure Chemical Ind. Ltd., Osaka. The guaranteed
reagent was re-crystallized from distilled water and
the polycrystalline sample was obtained. The speci-
men was identified by means of TG and IR spectra.
The crystals were pulverized with a pestle in a mortar,
and sieved to a narrow fractions of 100—150 mesh size.

The isothermal dehydration was followed with a
Shinku-Riko TGD 5000RH differential microbalance
equipped with a gold image furnace [7-11]. About
6 mg sample was weighed into platinum crucible and
set in the microbalance. The furnace was maintained at
a constant temperature within +0.5°, until the dehy-
dration was completed. The output voltages for the
mass loss from the microbalance were amplified and
acquired on a microcomputer, Epson 286 via an A/D
converter (Datel-Intersil 7109 modified to 13 bit) [7—
11]. For each dehydration process, about 1000 data
points relating to the mass loss were collected at given
time intervals, and the fraction of dehydration, o, was
calculated from the data.

All dehydrations were carried out at an atmospheric
water vapor pressure and controlled partial pressures of
water vapor, Py,o. The Py, of the reaction system was
controlled as follows [11]. Nitrogen gas was bubbled
into boiling water, the gas was passed through a con-
denser controlled at a constant temperature to obtain a
constant vapor pressure, and then the gas (flow rate
60 cm® min~") was admitted to the microbalance.

The X-ray powder diffraction profiles were obtai-
ned with a Geigerflex RAD-R diffractometer with a
high-temperature sample holder. Cu Ko radiation, a
nickel filter and a graphite monochrometer were used
in all measurements. The diffraction data were taken at
steps of width 0.02°. IR spectra were measured from
250 to 4000 cm™ " in a KBr disk with a Hitachi 295
spectrophotometer.
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Fig. 1. Typical plots of dehydration fraction, o vs. reaction time, ¢
at water vapor pressure of 280 Pa.

3. Results and discussion

The smoothness of the TG and DTA curves of the
sample and the agreement between the calculated
and observed weight loss suggest that the dehydra-
tion proceed successively without any intermediate.
Fig. 1 shows a typical plot of the dehydration frac-
tion, o against the reaction time, 7. Kinetics of the
dehydration were analyzed by means of integral
method as follows. The rate of dehydration can be
expressed by

da
5 =M@ (1)

where, o is the dehydration fraction after time of ¢, k
the rate constant, and f{«) is a function depending on
the dehydration mechanism and geometry of the
reacting particles. Many theoretical model functions
have been proposed for f{o) [12-16]. The Eq. (1) can
be converted to the integrated form

da
Gla)= | —= [ kdt =kt 2
@= [ @
where, G() is the function depending on the dehy-
dration mechanism as well as f{o). The G(x) of the
present dehydration was determined by the linearity of
the plot of various G(x) against ¢, in accordance with
Eq. (2).

Fig. 2 shows the the plot of G(«) against ¢ for the
isothermal dehydration of Li,SO4-H,O at the atmo-
spheric water pressure of 1333 Pa. Authors examined
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Fig. 2. Typical plots of G(x) vs. t at water vapor pressure of
1333 Pa.

plots for the various models of G(x). The plot accord-
ing to the equation

[—In(1 — )]"? = kt 3)

shows the best linearity over the first half of dehydra-
tion. This equation is referred to as the two-dimen-
sional Avrami—Erofe’ev equation A,(o) [17-20]. The
best model function for the second half of the dehy-
dration can be described as the two-dimensional phase
boundary reaction R,(a),

1—(1—a) =k O]

The A,(«) equation is the kinetic expression concerned
with the random nucleation and nuclei growth process.

A convenient explanation of this result will be put
forward as follows. In the initial stage of dehydration,
the nuclei are formed on the surface of the specimens.
When a great number of nuclei grow and cover the
surface of the reacts, an interface is built up between
the hydrated and dehydrated salt, and the interface
advances from the surface to inward of the specimen at
the constant rate. Therefore, the present dehydration
looks apparently like a two-dimensional phase bound-
ary reaction R,(«) in their second half.

Table 1 shows the variation of G(o) from A,(«) to
R>() at various temperatures and water vapor pres-
sures. At low temperatures the dehydration is
described by the A,(a) model function at initial range
of o, however, at higher temperature ranges the dehy-
dration can be described only by the A,(x) function.
Therefore, the authors discuss, hereafter, the relation
ship between the rate constant, k of A(«) and the
atmospheric water vapor pressure.

Table 1
Variation of G(x) with the atmospheric water vapor pressure and
temperature

Py,0 (Pa) T (°C) G (o) Range of o In k
280 90 A, 0.01-0.54 —7.96
R 0.53-1.00 —8.22
100 A, 0.01-0.61 —6.76
R 0.54-0.93 —7.09
110 A, 0.09-0.89 —5.70
R 0.47-0.99 —6.11
120 Ay 0.19-0.86 —4.95
R 0.38-0.99 —5.62
667 90 A, 0.02-0.59 —7.32
R 0.58-1.00 —7.66
100 A, 0.06-0.79 —6.09
R 0.45-1.00 —6.59
110 A, 0.09-0.82 —5.49
R, 0.43-0.98 —6.01
120 A, 0.01-0.85 —4.74
R, 0.62-1.00 -5.16
1333 90 A, 0.00-0.54 —7.88
R 0.55-1.00 —8.20
100 A, 0.00-0.65 —6.72
R, 0.54-1.00 —7.06
110 A, 0.14-0.78 —5.82
R, 0.52-1.00 —6.33
120 A, 0.11-0.81 —4.97
R, 0.58-1.00 —5.40
2066 90 A, 0.00-0.42 —8.28
R, 0.55-1.00 —8.60
100 A, 0.00-0.69 —7.21
R, 0.49-1.00 —7.58
110 A, 0.00-0.75 —6.00
R, 0.62-1.00 —6.46
120 A, 0.06-0.85 —4.99
R, 0.52-1.00 —-5.49
2680 90 A, 0.00-0.50 —8.55
R 0.40-1.00 —8.94
100 A, 0.00-0.40 —7.49
R, 0.54-1.00 —7.89
110 A, 0.09-0.82 —5.77
R, 0.50-0.99 —6.24
120 A, 0.05-0.90 —5.03
R, 0.52-1.00 —5.54
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Fig. 3. Variation of dehydration rate, k4, with various atmospheric
water vapor pressures.

Fig. 3 shows the relation ship between the rate of
dehydration, k and the water vapor pressure at parti-
cular temperatures. At high temperature, the value of k
increased with increasing of the water vapor pressure,
reached to a maximum and decreased gradually to a
constant value. At low temperatures as 90 and 100 °C,
the rate constants decreased at first, passed through
minimum, increased and then decreased gradually to a
constant value. This unusual phenomenon is known as
the Smith-Topley effect.

Recently, the authors found similar phenomena
for the dehydrations of zinc formate dihydrate, erbium
formate dihydrate and yttrium formate dihydrate [7-9].
They discussed the mechanism of the unusual phenom-
ena in correlation of the crystallinity of the dehydration
products [21], and found that the crystallinity of dehy-
dration products was affected by the experimental
temperature and the water vapor pressure and the
presence of a few water molecule promoted the crystal-
lization of the dehydrated products. Namely, at a low
water vapor pressure, the amorphous dehydrated pro-
duct covers the reaction particles and the dissociated
water molecules may be adsorbed by the narrow walls
of molecular dimensioned capillaries in the produced
phase. These findings would interfere with escape of
further water molecules and the rate must be inhibited.
Because water molecules promote the crystallization of
anhydride product at higher water vapor pressure, the
crystallization forms wide channels among the dehy-
drated product, through which the dehydrated water
molecules escape easily. So the rate constant would
increase at higher water vapor pressures.

In the present dehydration, the authors could not
detect the amorphous anhydride by the X-ray diffrac-
tion profile measured immediately after the dehydra-
tion even in vacuo. However, the possibility of the
formation of amorphous anhydride products is unde-
niable. Because the amorphous phase formed may be
so unstable that it crystallize quickly, the unstable
amorphous phase could not be recognized in the time
resolution of the X-ray diffraction measurement.

The results obtained at low water vapor pressure
(less than 666 Pa) especially at low temperatures of 90
and 100 °C, suggested the formation of an unstable
amorphous anhydride. Namely, the unstable amor-
phous anhydride adsorbed the dissociated water mole-
cules and the dehydration rate may be restrained at
these water vapor pressures and temperatures.
Because of the crystallinity of the anhydrous product
promoted at the regions of higher temperatures and
higher water vapor pressures, the rate constant would
increase with increasing water vapor pressure and
temperature. At the regions of higher water vapor
pressure than 1333 Pa, the apparent rate of dehydra-
tion decreased gradually due to the reverse reaction.

The equation A,(x) is the kinetic expression con-
cerned with the random nucleation and nuclei growth.
Hulbert pointed out the relationship between the
nuclei growth and diffusion process of migrating
species as follows [13]. When (i) the nucleation rate
is assumed to be constant, (ii) the nuclei grow two-
dimensionally and (iii) the growth is diffusion con-
trolled, the Eq. (3) can be derived on the basis of the
overall rate constant to be given by Eq. (5)

12
= <7‘EhID> )

2

where, [ is the nucleation rate per unit volume, % the
thickness of the sample, and D is the diffusion coeffi-
cient of the migrating species. On the basis of above
opinion, the reaction described by the A,(«) would be
controlled by the diffusion process of the migrating
species, i.e. in the present dehydration, the rate would
be controlled by the diffusion on the dissociated water
molecules through the phase.

Fig. 4 shows the Arrhenius plots at various water
vapor pressures. The values of activation energy, E and
the frequency factor, A are shown in Table 2. These
values are compatible to those reported for the dehy-
dration of lithium sulfate monohydrate in a flow of
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at 2666 Pa is larger than that expected by factors 10°.
Shannon [26] has discussed the values of A for several
reactions, and pointed out that the large value of A for
the dehydration was attributable to adsorption of the
mobile water molecules on the reaction interface. There-
fore, it is likely for the present dehydration that the
dissociated water molecules are adsorbed on the reaction
interface and influence the rate of dehydration [11]. The
equilibrium water vapor pressure for the present dehy-
dration has not been measured, however, a reverse
reaction appears to occur at high water vapor pressures
and the apparent rate is hindered by atmospheric water
molecules.
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Fig. 4. Arrhenius plots of k4, measured at various atmospheric

water vapor pressures.

Table 2

Activation energy (E) and frequency factor (A) for the dehydration
of lithium sulfate monohydrate

Py,0 (Pa) E (kJ mol 1) AGshH

280 110.3 3.54 x 10"
1333 117.8 3.17 x 108
2666 140.9 3.30 x 10"
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atmospheric water molecules has an enormous influ-
ence on the rate of the dehydration.
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