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Abstract

The nature of the crystallization water in MgSO4-7H,0, Mg(NO3)2>6H20 and MgCl,-6H20
has been studied with the nonisothermal methods of thermogravimetry (TG), derived thermo-
gravimetry (DTG) and differential thermal analysis (DTA).

Analysis of the characteristic thermogravimetric data (7w, Ww) and the kinetic parameters (n,
E,), together with the DTA results, with CuSO4-5H;0 as control sample, provided evidence of
the existence of coordinated water and of the nature of the anions in these hydrates.

The results are confirmed by the observation of a real compensation effect. For the compen-
sation effect, the following equation is proposed: In4 =0.220 E-0.8

Structures explaining the presence of the coordinated water and the nature of the anions in
these hydrates are also proposed.
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Introduction

Earlier studies of the crystalline structure of hydrates led to the conclusion
that several types of crystallization water exist, depending on the role played in
the compound: constitution water, coordination water, anionic water, current
water and zeolitic water [1a].

With regard to the advantages of nonisothermal methods (TG, DTG, DTA
and DSC) in the separation and characterization of decomposition processes,
with the possibility of elucidation of the reaction mechanism, in the present pa-
per these methods have been used to establish the type of crystallization water
in the magnesium hydrates MgSO,-7H,0, Mg(NO;),:6H,0 and MgCl,-6H,0,
with CuSO4-5H>0 as control sample.

Although the literature on this field provides information on the nonisother-
mal thermogravimetric behaviour of some of these hydrates [2-9], and on the
evolution of the kinetic parameters by known thermal methods [10-15] the

0368-4466/95/ $ 5.00 John Wiley & Sons, Limited
© 1995 Akadémiai Kiadé, Budapest Chichester



1438 ODOCHIAN: CRYSTALLIZATION WATER

combination of such procedures to establish the nature of crystallization water
is less frequent.

Experimental

Results were obtained with the above thermal methods on two types of
equipments:

I. A Paulik-Paulik-Erdey (MOM Budapest) derivatograph, which simultane-
ously records T, TG, DTG and DTA curves. The recording conditions were con-
stant: sample mass ~20 mg, heating rate 12 deg-min”', maximum temperature
600°C, DTG and DTA sensitivity 1/10, reference material Al,Os calcined at
1000°C, ambient atmosphere.

II. A TGA-2910 thermogravimetric balance (DuPont, Canada), which per-
mits simultaneous recording of TG and DTG curves under nonisothermal con-
ditions in a flow of N; at 30 mL-min"". The main parameters employed were:
mass of samlple between 30-60 mg, maximum temperature 600°C, heating rate
10 deg-min".

The DSC curve of CuSO45H,0 was recorded on a DSC-2950 ag)paratus
(DuPont, Canada) in atmospheric air, at a heating rate of 10 deg-min™, in the
temperature interval 27-400°C, with a sample mass of 31 mg.

The A. R. hydrates analysed were supplied by Merck: CuSO45H,0
(M=249.68 g'mol); MgSO4+TH,O0 (M=246.48 g'mol); Mg(NO;),-6H,0
(M=256.41 g-mol); MgCl,-6H,0 (M=203.31 g-mol).

Results and discussion

Figures 1 and 2 depict DTG curves for the studied hydrates, obtained with
the above-mentioned equipment. The features depend on the number of mole-
cules of crystallization water and also on the recording conditions, two distinct
stages being seen, in accordance with the literature data [2-7].

It is generally known that, under nonisothermal thermogravimetric condi-
tions, CuSO4-5H70 loses its 5 water molecules in two very distinct stages, ac-
cording to the following mechanism [2-5]:

CuSOs5H,0  45-189°C | CuSO.H,0 + 4H,0
CuSOsH,0 225-29%8°C  CuSO, + H,0

which leads to the conclusion, supported by the results of other methods [1b],
that four water molecules are coordinated, while the last is more strongly bound
in the anion. Consequently, CuSO45H,0O can be written as

[Cu(H,0)4)** (SO4-H,0)*.
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With CuSO4-5H0 as reference, separate analysis has been carried out on the
thermogravimetric values obtained from the TG and DTG curves, and also the
activation energy and reaction order calculated by the Freeman-Carroll [16] and
Coats-Redfern [17] methods by means of our own computer programs [18a].
The data obtained are listed in Table 1.

Comparison of the mass 1088€s W tneorcticat ad Weo experimentat indicates that, in
the first stage, over the temperature range 20-280°C, hydrates 2, 3 and 4 lose
6, 5 and 5 water molecules, respectively, both in the ambient and in the inert
atmosphere. Further, the average activation energies are very similar, suggest-
ing the same nature of the binding of the molecules of crystallization water,
which are probably of coordination type for hydrates 1-4, since CuSQ,45H;0
loses its coordination water over the same interval of temperature.

In the second stage, over the temperature interval 206—-368°C, CuSQ4-5H,0
loses the final one water molecule, as confirmed by the agreement between the
theoretical and experimental W.. values and by the fact that the activation ener-
gies are equal for hydrates 1 and 2, suggesting that the same type of bond is bro-
ken, as in the following mechanism {1b]:

Cu2+(SO4-H20)2‘_~ CuSOy4 + H,O
Mg (SOsHo0)> ——————  MgSOs + HyO

For hydrates 3 and 4, although the temperature range is approximately the
same, the activation energy is different. Comparison of hydrates 2, 3 and 4 sug-
gests that it depends on the nature of the anion, once the cation is the same. It
is concluded that for hydrates 3 and 4 the mechanism is:

Mg¥((NOs),H;0)> ———  Mg(NOs), + H;0
Mg2+(C12‘H20)2A — MgClz + Hzo

All these observations agree with the DTA data presented in Table 2.

The enthalpies of the two stages were calculated [18b, 19] from the thermal
effects, DSC analysis of CuSO4-5H,0 (Fig. 3) being taken as reference.

The data in Table 2 demonstrate that the enthalpy in the first stage depends
on the number of molecules of coordination water, this depending only on the
nature of the cation (hydrates 1 and 2), the values being 733.8 and 1524.0, re-
spectively; the values found for hydrates 3 and 4 are quite close (1349.0 and
1337.8 J/g) when the same number of water molecules are eliminated, the cat-
ion being the same.

In the second stage, involving the elimination of the last water molecule, the
enthalpies for hydrates 1 and 2 are equal (223.4 J/g), whereas those for hy-
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Fig. 3 DSC curve of CuSO4+5H,0

drates 3 and 4 are different (134.0 and 259.1 J/g). The data are plotted in
Fig. 4, which confirms the dependence of the enthalpy on the nature of the an-
ion.

The real compensation effect observed in the second stage for hydrates 2, 3
and 4 and the absence of the compensation effect for hydrates 1 and 2 support
our conclusions.

Table 3 lists the kinetic and compensation parameters introduced by Niko-
laev [20, 21] and Gorbachev [22, 23] for the second stage, as calculated from
the thermoanalytical curves plotted under the same conditions (apparatus I) and
over the same domain of temperature within which n=1, as determined from
the rate of the chemical reaction [24, 25].

It is to be observed that the compensation parameter a is constant, which in-
dicates that the same type of linkage [26] is involved, i.e. the loss of crystal-
lization water [27], while parameter S, is the same for hydrates 1 and 2, as
evidence that the same bond is involved, independently of the nature of the cat-

ion.
For hydrates 2, 3 and 4, the variation in the compensation parameter S,

shows that the bond to be broken depends only on the nature of the anion, the
cation being the same.

The graph illustrating the compensation effect in Fig. 5 confirms via the
Nikolaev and Gorbachev method the results derived from the TG, DTG and
DTA data.

J. Thermal Anal., 45, 1995
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Fig. 5§ Compensation effect of the second dehydration for stage hydrates 2—-4: ¢ — Nikolaev
method; o - Gorbachev method
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The compensation effect is calculated from the equation
In4=0.220 E+0.8

The results obtained through the application of the thermal methods may be
supported on the basis of the following structures for the studied hydrates, ac-
cording to several literature data [1c, 1d, 29]:

HzQ
[
H OHy 0O 0-----H
20\Cu/ N N HzO\M|g/0H2 o_ 0 H\o
| H20 \OHz 0" Nown” 07 | DoHp| 0”7 Qe
Hp0
! 1
0 H--- Ct
0 OHp 7. H>0 OH S
2 N, 0 NZ0| [H0( 2 e
e g _—O N\ /O_H """ 0] Mg - l----- H
|20 Hlo OH2 O-----H H0” o o
111 H

For CuS04-5H,0, hexacoordination around the Cu®* is achieved by 4 water
molecules and 2 oxygen atoms of the SO . The fifth water molecule is linked
with the other 2 oxygen atoms of the SOF  through hydrogen-bonds, a 6-mem-
bered inorganic cycle being formed [1d] (structure I).

For MgS0O,7H,0, hexacoordination around the Mg2+ is achieved by 6 water
molecules, the seventh being linked by 2 oxygen atoms of the SOF , an inor-
ganic cycle similar to that in CuSO,-5H;0 being formed; however, it is more
stable as the other 2 oxygen atoms of the SOF” are not involved in other link-
ages (structure II).

In hydrates 3 and 4 (structures III and 1V), the coordination number specific
for the central ion is obtained through 5 molecules of water, together with
1 oxygen atom from the NO3 or with the CI”, while the sixth water molecule in
the anion is linked through hydrogen-bonds to the 2 oxygen atoms or the 2 CI”
[1c].

The hydrogen-bonding involving the anion water is stronger in the case of
the chloride anion than in the case of oxygen from the nitrate ion. This is prob-
ably due to the fact that the nitrate ion forming the hydrogen-bonding is pre-
viously involved in the covalent bond to the central method ion.

The difference in the enthalpies of the first stage for hydrates 1 and 2 (struc-
tures I and II) may be explained by the involvement of 2 oxygen atoms of the
SO?™ in the coordination to the central ion for the achievement of its specific
hexacoordination in the case of hydrate 1, and its non-involvement in hydrate 2.

The enthalpies for the first stage are equal for hydrates 3 and 4, due to the
breaking of 6 coordinate linkages, 5 of them with water molecules, and the sixth
with the oxygen from the NO; or with the CI'.

J. Thermal Anal., 45, 1995
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As concerns the anion water, literature data [29] indicate that the linking en-
ergies for the strong hydrogen-bonds vary between 41.8 and 83.6 kJ-mol ™,
while those for the weak ones vary between 16.72 and 29.26 kJ-mol™'; with re-
gard to the structures proposed for the hydrates under study, the reaction enthal-
pies may be estimated from the correlation between them and the linking energy
[30].

For hydrates 2, 3 and 4, values in the range 68.7-110.3 kJ-mol ™! have been
obtained, while when the two hydrogen-bonds involving the molecule of anion
water are broken, the theoretical values lie in the range 83.6~167.2 kJ-mol ™,
depending on the nature of the electronegative partner involved.

The differences found between the above-mentioned theoretical values and
the experimental ones for hydrates 1-4 indicate that, besides the effect pro-
duced by the breaking of the hydrogen-bonds, other effects too are manifested
(such as that of the cycle of 6 atoms or the effects resulting from the modifica-
tion of the crystalline network) [31].

%k Xk %
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Zusammenfassung — Mittels nichtisothermer Methoden der Thermogravimetrie (TG), Deriva-
tionsthermogravimetrie (DTG) und Differentialthermoanalyse (DTA) wurde die Art des Kristall-
wassers in den Verbindungen MgS04-7H20, Mg(NO3)2:6H,0 und MgCl>-6H20 untersucht.
Eine Analyse der charakteristischen thermogravimetrischen Angaben (T, W.) und der kineti-
schen Parameter (n, E,) zusammen mit den DTA-Ergebnissen (mit CuSO45H0) als Referenz-
probe) lieferten den Beweis fiir die Existenz koordinierten Wassers und fiir die Art der Anionen
in diesen Hydraten.

Die Ergebnisse wurden durch die Beobachtung eines tatsichlichen Kompensationseffektes be-
stitigt. Fiir den Kompensationseffekt wird nachstehende Gleichung empfohlen: 1n4A =0.220 E-0.8.
Weiterhin wurden Strukturen vorgeschlagen, welche die Gegenwart von koordiniertem Wasser
und die Natur der Anionen in diesen Hydraten erkléren.
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