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The Effect of the Water Vapor Pressure on the Kinetics of the Thermal
Dehydration of Some Hydrates. Examples of Magnesium, Manganese,
Cobalt, Zinc, Yttrium and Erbium Formate Dihydrates

Yoshio Masuda

(Received March 29, 1995)

The effect of water vapor pressure on the kinetics of the thermal dehydration of some
formate hydrates was studied by means of isothermal gravimetry under various water vapor pres-
sures from 6.7 X102 to 1.33 X 103 Pa. The rates of dehydrations of Zn, Y and Er formate di-
hydrates exhibited an unusual dependence upon the water vapor pressure; with increasing wa-
ter vapor pressure the rates increased at first, passed through a maximum, and then decreased
gradually to a constant values. These unusual phenomena were analogous to the Smith-Topley
effect. On the other hand, the rates of dehydrations of Mg, Mn and Co formate dihydrates de-
creased with increasing water vapor pressure as was naturally expected from the equilibrium

theory.

The mechanism of the unusual phenomena was discussed in correlation with the crys-

tallinity of the dehydrated products.

Introduction

Crystalline hydrates can not be distinguished from
other solid reactants on chemical or structural criteria,
however, the considerable interest which has been di-
rected towards investigation of the dehydrations of this
group, has made it convenient to discuss them as a sin-
gle class.! Generally, dehydrations are reversible re-
action and influenced by the product phase on the ease
of water escape, because such residual material tends to
greater or lesser extent, to diminish the rate of diffu-
ston of water from the reaction interface. It has been
also known that the rate of thermal dehydration of hy-
drate is affected by the atmospheric water vapor pres-
sure.

The phenomenon of an unusual variation in the de-
hydration rate with the partial pressure of water vapor
was noted by Smith and Topley.2?' They reported that
the rate constants for the dehydration of manganese ox-
alate dihydrate and copper sulfate pentahydrate vary un-

usually with the partial pressure of atmospheric water

vapor. When water vapor pressure is increased, the rate
constant for the dehydration decreases sharply at first,
pass through a minimum, increases more slowly, and
then decreases (Fig.1) . This unusual phenomenon is
known as the Smith-Toply effect. Gerner er al. have

made similar studies of copper sulfate pentahydrate and
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Fig.1 Schematic representation of Smith-Topley (S-
T) effect.
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potassium anmmonium chrome alum.*3) Recently sim-
ilar phenomenon has also been observed by Dollimore
et al. on the dehydrations of calcium oxalate monohy-
drate and magnesium oxalate dihydrate.s7 The effect,
however, has not been always recognized in all dehy-
dration.

Although no single mechanistic explanation has been
accepted as possessing general validity, several mech-

(1)

recrystalliza-

anistic models have been proposed as follows ®
@)
(3)

transfer at the reaction and interface.''¢) It may be

properties of adsorbed water,9.10)
tion of product phase !1!-14) and heat and gas
possible that concurrent or intermediate behavior of these
models and different mechanism may operate for dif-
ferent solid.

We have also found that similar phenomena to the
Smith-Topley effect occurred on the dehydrations of
some formate hydrates.'”™'® In the present paper, the
mechanism of the phenomenon is discussed briefly on
the basis of the crystallinity of the dehydrated product
phase.

Experimental

Reagents; magnesium, manganese, cobalt, zinc and
yttrium formate dihydrates were obtained commercially
and recrystallized from distilled water. Erbium formate
dihydrate was prepared by the reaction of formic acid
and erbium oxide as follows. Erbium oxide purchased
from Shin-Etsu Chemical Co. Ltd., Japan, was com-
bined with a large excess of aqueous formic acid solu-
tion. The mixture was held with stirring at the temper-
ature just below its boiling point until the oxide had
dissolved. The crystals of erbium formate dihydrate were
obtained by slow evaporation of the solution and kept
in a desiccator.

These samples were pulverized with a mortar and pes-
tle, and sieved to a fraction 80 - 150 mesh size.

Apparatus; Two experimental methods have been used
to study the kinetics of the thermal reactions of solid,
mainly, dynamic method and isothermal method. Each
of methods has advantage and disadvantage. %2020 In
this paper, the isothermal method was adopted to study
the kinetics of the thermal dehydrations of the titled hy-
drates, and the dehydration process was followed using

a Shinku Riko TGD-5000RH differential microbalance

equipped with an infrared gold image furnace.!?~19.22.23

204

A sample of about 5 mg was weighed into platinum
crucible and placed in the microbalance. The furnace
was controlled at given temperatures and maintained
within +0.5 T until the dehydration was completed.
The TG output voltages were amplified and recorded on
a microcomputer (Epson QC — 10I1) via A/D converter
(Datel-Intersil 7109 modified to 13 bit) 177192223
About 1000 data points were collected at a given time
intervals for each dehydration process, and the fraction
of dehydration, @ was calculated from these data.

The water vapor pressure of the reaction system was
regulated from 6.7 X10-2 to 1.3 X 103 Pa according to
the following procedure. The reaction system was de-
gassed for 3 - 4 h before experiment, to below 6.7 X
102 Pa, and a suitable amount of water vapor was then
admitted from a water bulb which was maintained at a
constant temperature to provide a constant vapor pres-
sure.!l7 719

X-ray powder diffraction patterns were obtained with
a Rigaku Geiger-flex RAD-YA and a RAD 3R diffrac-
tometers equipped with a standard high temperature sam-
ple holder. Cu K@ radiation, a nickel filter and a graphite
monochrometer were used for all measurements. The

diffraction data were collected at 0.02° intervals.
Results and Discussion

The smoothness of the TG and DTA curves of these
hydrates and agreement between the calculated and ob-
served weight loss suggest that dehydrations proceed

successively without any intermediate such as the mono-
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Fig.2 Typical & vs. + plots for the thermal dehydra-

tion of zinc formate dihydrate.

Netsu Sokutei 22 (4) 1995



The Effect of the Water Vapor Pressure on the Kinetics of the Thermal Dehydration of Some Hydrates.

Table 1 Commonly used g(®) for solid phase reaction.

g(a) Symbol Rate-controlling process

a2 D1 One-dimensionat diffusion

at+(—a)ln(l—a) D Two-dimensional diffusion

(1—(l— a)n) D3 Three-dimensional diffusion ; Jander Equiation

1=2a/3—(1— a)s D4 Three-dimensional diffusion |
Ginstring-Brounshtein equiation

I—(1—an R2 Two-dimensional phase boundary reaction

I—=(l—ann R3 Three-dimensional phase boundary reaction

—In(l—a) Fi First-order reaction

[—In(1— a)lym Am Avrami-Erofe'ev equation, m=1, 2, 2.5, 3, ...

hydrate for all of the dihydrates. Fig.2 shows a typi-
cal plot of the dehydration fraction, @ for the dehydra-
tion of zinc formate dihydrate, against the reaction time,
t. These dehydration data were analyzed by means of
integral method as follows.

The rate of dehydration can be expressed by

doa/dt=kf (o)
- (1)
where @ is the dehydration fraction after time 1, k is
the rate constant, and f(@) is a function depending on
the dehydration mechanism and the geometry of the re-
acting particles. The eq. (1) can be converted to the

integrated form

g(a)zjd(a)/f(a):jkdz:kz o)
where g{a) is the function depending on the dehy-
dration mechanism as well as f(&) . Table 1 shows
the theoretical model function used commonly.24-28)
The g (@) of the present dehydrations were determined
by the linearity of the plots of various g{a) against 1
in accordance with eq. (2) .
1) Thermal dehydrations of magnesium, manganese,
cobalt and zinc formate dihydrate.
The g ()

drations tend to vary with atmospheric water vapor pres-

function determined for the these dehy-

sure, i.e. at lower vapor pressure the dehydration seems
to be described by
[Fln(-a)]"? =k B

which is referred to as an Avrami-Erofeev equation

(A2) , but at the region of the vapor pressure higher
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Fig.3 Typical & vs. 1 and g(@) vs. ¢ plots for the de-
hydration of Zn (HCO,), - 2H,0 : (a)
100TC, 16 Pa of water vapor pressure; () at

at

100C, 530 Pa of water vapor pressure.

than 52 Pa , it confirms with a two-dimensional phase

boundary controlled reaction (R;) (Fig.3) .

I=(-a)? =k _
However, the plot of 1- (1-a) V2 vs. t (ie. plot of
Ry vs. 1)

range of the water vapor pressures.

gave a relatively straight line over the wide

An R; is characterized by rapid initial production of
a complete reactant-product interface at the edge of pre-
ferred crystallographic surface, and its rate is depend

upon the advance of this reaction interface.2+2*' Fig.4



Fig.4 Optical microscopic observations of the dehy-
dration of Zn(HCO3), « 2H,0 at 1.7 X 103 Pa of
water vapor pressure . 1, crystal of a hydrat-
ed specimen; 2, after heating for 2.5 min at
108 C; 3, after heating for 3 min at 108 C; 4,
after heating for 3.5 min at 108 C; 5, after heat-
ing for 4.5 min at 108 C; 6, after heating for
7 min at 108 C.

shows the advance of the dehydration interface of zinc
formate dihydrate. The series of photographs shows that
an interface is immediately established at the edge of
the disc, and then advances into the center. The rate
of advance of the interface, which was directly deter-
mined from the micrographs, agreed with that obtained
from thermogravimetry within experimental error.?!
The R; mechanism for the present dehydration is sup-
ported by consideration of the crystal structure of these
They

showed that these hydrates form isomorphous crystals,

hydrates reported by several investigators.29-3!)

and the crystal structure is monoclinic with space group
P21/c.

lic ions. One of the metallic ions is surrounded by six

In this structure, the unit cell includes two metal-

carbonyl oxygen atoms, the other is surrounded by two
carbonyl oxygen atoms and four water molecules. Both
are in a regular octahedral form, with the water mol-
ecule lying on a plane parallel to the (100) planes. It
is reasonable to consider that the dehydration takes place
on these plane. The kinetics of dehydrations of the oth-
er hydrates of these series can be described by simi-

lar equation, Ra.
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Fig.5 Variation of dehydration rate, k for the dehy-
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Fig.6 Variation of dehydration rate, k for the dehy-
dration of Mg (HCO3), + 2H.0O with water vapor

pressure.

Fig.5 shows the relations between the rate of dehy-
dration, k and the water vapor pressure at particular
temperatures. The values of k increased with increas-
ing of water vapor pressure, reached to a maximum, and
then decreased gradually to a constant value. When these
results are compared with the Smith-Topley phenome-
non, they are lacking the initial decreasing region of k
at low water vapor pressure, however, these results are
similar to the Smith-Topley effect. On the other hand,
the similar phenomenon to the Smith-Topley effect was
not found for the dehydrations of Mg,?> Mn,*' and
(Figs.6 and 7, and Table 2)

X-ray diffraction profiles indicated that the anhydrous

Co3% formate dihydrates

zinc formate formed in vacuum was amorphous, while
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Fig.7 Variation of dehydration rate, k¥ for the dehy-

dration of Co (HCO,), * 2H,0 with water vapor
pressure.

Table 2 The velocity of the interface advancing, k; for the
dehydration of Mn (HCO,); - 2H,0.

ki/cm - !
7/C
PH:0/Pa 95 100 105 110

6.13 X102 0.98 1.83 3.36 6.09
893X102  0.66 1.26 2.37 4.39
1.38 X103 0.61 1.18 2.24 4.18

that formed in self-generated atmospheric water vapor
pressure was crystalline (Fig.8) . These findings show
that the crystalline anhydride seems to form at above
a critical water vapor pressure. The critical temperatures
for the zinc formate are illustrated in Fig.9. The tem-
peratures decreased linearly with increasing critical wa-
ter vapor pressure. These facts indicate the availability
of atmospheric water molecules to form a crystalline
zinc formate.

It should be noted that the dehydration takes place as
an A reaction at below critical water vapor pressures
and temperatures, but as an R; reaction at above critical
values. The unusual phenomena shown in Fig.5 may al-
so be related to the crystallinity of the dehydrated prod-
uct. This seems to be supportable by the experimental
fact that the dehydration was described by the A, equa-
tion especially at low temperature. The equation A, is

the kinetic expression concerning with the random nu-
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Fig.8 X-ray powder diffraction profiles of Zn (HCO,), -
2H,0 :
(a) dehydrated at 95T and 93 Pa of water vapor pres-

sure;

(b) dehydrated at 95C in vacuum (~1.3 X10-! Pa)
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Fig.9 Relation between the critical temperature and the
critical water vapor pressure at which crystalline
zinc formate formed : (A) shows the region of
crystalline product; (B) shows the region of
amorphous product.



cleation and nuclei growth process. Hulbert pointed out
the relation between the nuclei growth and the diffusion
process of migrating species as follows > 2 when &)
(i) the

nuclei grow two-dimensionally and {iii) the growth is

the nucleation rate is assumed to be constant,

diffusion controlled, eq. 3) can be derived on the ba-

sis of the overall rate constant to be given by eq. (5)

k=(rhID/2)""? . 5)
where / is the nucleation rate per unit volume, & is 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 con-
trolled by the diffusion process of the migrating species
i.e., in the present dehydration, the rate would be con-
trolled by the diffusion of the dissociated water mole-
cules though the amorphous phase, at a low water va-
por pressures, especially at low temperature.

At low water vapor pressure, the amorphous products
of zinc formate may adsorb the dissociated water mol-

ecules. This would interfere with the escape of further
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28 /deg
Fig.10 X-ray powder diffraction profiles of manganese

formate dihydrate (A) , and the dehydrated
product (B) formed at 150 C in vacuum.

208

water molecules, and the rate of dehydration would there-
fore be slow. The presence of a few water vapor mol-
ecules stimulates crystallization of the dehydrated prod-
ucts. The initial increase in the value of k suggests that
recrystallization may bring about the formation of wide
channels between the dehydrated particles, through which
the dissociated water molecules are able to escape. The
value of k would therefore seem to increase at first.

At high vapor pressure, however, the apparent rate of
dehydration decreases gradually because of the reverse
reaction caused by atmospheric water molecules. On the
other hand, the similar phenomena to the Smith-Top-
ley effect were not recognized for the dehydrations of
Mg, Mn and Co formate dihydrates. In these dehydra-
tions, the crystalline dehydrates were formed both in
vacuum (Fig.10) and in self-generated atmospheric wa-
ter vapor pressure. These facts seem to support above
opinion for the mechanism of the Smith-Topley phe-
nomenon.

2) Yttrium formate dihydrate and rubidium formate di-
hydrate.

These hydrates have a similar crysrallographic struc-
ture 3539 and the kinetic behavior of the dehydration
also resemble to each other. The g(®) functions se-
lected tend to vary with atmospheric water vapor pres-
(~

6.7 X 102 Pa) and especially low temperatures, the ini-

sure (Tables 3 and 4) . At low vapor pressure

tial stages of these dehydrations seem to be described

by an Avrami-Erofeev equation, A;.

[Fin (-] =kt 6
However, in the main stages of the dehydrations can be
described as a three-dimensional phase boundary reac-
tion, R3, i.e.

1-(1-o)"* = ke

)

The R; reaction has been characterized by the rapid
initial production of a complete reactant-product inter-
face at the surface of reactant particles, and its rate is
determined by the advance of the reaction interface to
the center of the particles.

Figures 11 and 12 show the relation between the rate
of dehydration, k and the water vapor pressure at par-

ticular temperatures. The values of k increased with in-
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Table 3 Variation of g{@) for the dehydration of Y (HCO,);-2H,0 with the atomospheric water vapor pressure.

Puo/Pa C  G(a) Range of a C* Ink

6.7 X102 114 A2 0.131-0.442 0.9990 —8.30
R3 0.550-0.980 0.9995 —8.19

124 A2 0.014-0.263 0.9990 —7.67

R3 0.413-0.825 0.9991 —-7.74

134 A2 0.014-0.203 0.9964 —7.13

R3 0.440-0.950 0.9980 —6.93

1.33 X102 114 A2 0.094-0.376 0.9993 —8.50
R3 0.452-0.927 0.9998 —8.52

124 Rs 0.058-0.925 0.9995 —7.50

134 R3 0.020-0.987 0.9999 —5.90

6.66 X 102 114 R3 0.025-0.895 0.9990 —9.25
124 R3 0.015-0.971 0.9997 —7.80

134 R3 0.010-0.905 0.9999 —6.19

* correlation coefficient

Table 4 Variation of g(a) for the dehydration of Er (HCO,);-2H,O with

the atomospheric

water vapor pressure.

Pu:0/Pa 7/C G(a) Range of « C* In k
6.7 X102 104 R3 0.289-0.885 0.9995 —9.50
A2 0.061-0.802 0.9996 —8.71
114 R3 0.373-0.966 0.9996 —8.26
A2 0.008-0.531 0.9994 —17.98
124 R3 0.368-0.818 0.9985 —17.35
A2 0.011-0.541 0.9977 —7.55
144 R3 0.197-0.528 0.9955 —6.76
A2 0.083-0.533 0.9989 —5.80
6.7 X103 114 R3 0.189-0.881 0.9996 —8.58
A2 0.029-0.551 0.9997 -—7.81
119 R3 0.095-0.561 0.9996 —6.82
A2 0.058-0.355 0.9977 —6.31
124 R3 0.020-0.776 0.9998 —5.96
A2 0.195-0.690 0.9997 —5.12
134 R3 0.190-0.910 0.9996 —5.34
1.33 X102 114 R3 0.268-0.923 0.9999 —8.71
A2 0.031-0.343 0.9963 —6.85
124 R3 0.158-0.706 0.9944 —6.60
A2 0.028-0.290 0.9987 —5.08
134 R3 0.191-0.803 0.9987 —5.24
143 R3 0.063-0.925 0.9990 —4.78
1.07 X103 119 R3 0.101-0.635 0.9995 —8.07
124 R3 0.094-0.705 0.9999 —7.06
134 R3 0.081-0.735 0.9998 —5.73
144 R3 0.081-0.925 0.9999 —5.17
* Correlation coefficient
Netsu Sokutei 22 (4) 1995 209
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Fig.11 Variation of dehydration rate, k for the dehy-
dration of Y (HCO;);*2H,0 with water vapor
pressure.
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Fig.12 Variation of dehydration rate, k for the dehy-
dration of Er(HCO,)3-2H;O with water vapor
pressure.

creasing of water vapor pressure, reached to a maximum
values, and decreased gradually to a constant values.
These phenomena are analogous to the Smith-Topley
effect and are also observed previously in the case of
thermal dehydration of zinc formate dihydrate.

The X-ray diffraction profiles show that the anhydrous
(Figs. 13

and 14) , while those formed in the self-generated at-

formates formed in vacuum were amorphous

mosphere was crystalline. From these results, the mech-
anism of the unusual phenomena shown in Figs. 11 and
12 can be interpreted in a similar way as the case of

the dehydration of zinc formate dihydrate.

H
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Fig.13 X-ray powder diffraction profiles of Y {HCO)s -
2H0 !
{(a) dehydrated at 123 T in the self-generated atmos-
phere;
(b) dehydrated at 117 C in vacuum (~1.3 X10~! Pa)

T T T T T T
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40
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Fig.14 X-ray powder diffraction profiles of Er (HCO)s -

2H0 :
(a) dehydrated at 115 and water vapor press of 2 X
103 Pa.
(b) dehydrated at 115C in vacuum {(~6.2 X102 Pa) .
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