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ABSTRACT 

The thermal deaquation reactions of CuSOJ-5H,O and IliSOS-7H20 were 
studied by simnltaneous TG, DTG and DTA. In the CuSOJ-SH20 thermogam 
three distinct steps corresponding to 2 moles, 2 motes. 1 mole of water were observed. 
and in the NiSOl -7Hz0 the sequence I moIe, 3 moIes, 2 moles, I mole was determined. 
The deaquation steps were correlated \vith the structure of water of crystallization. An 
exothermic DTA peak was observed durin, ” the cvollution of the first mole of water 
in NiSOJ- 7H20. 

ilr;TRODUCTION 

The sequence of thermal deaquation reactions of several polyhydrated metal 
sulfates, as reported by Ben-Dor and Margaiith’, consists of two definite steps: First. 
a11 but one moIe of water are evoIved at relatively low- temperatures (beginning at 
6O’C); then, after a significant rise in temperature, the last mole is evoIved_ AI1 the 
intermediate monohydrates show characteristic acidic properties. 

Tanabe et al.’ used X-rays, infrared, NMR and ESR techniques in their investi- 
gations of nickel sulfate monohydrate, because of the special interest in its catalytic 
activity, which is closeiy related to the acidic properties_ 

The detection of intermediate compounds during the evoIution of “a11 but one” 
moles of water is not easy because in many cases these steps overlap. The selectivity is, 
of course, dependent on experimental conditions_ Fruchart and Miche13 detected 
intermediate compounds when NiSO,- 7H,O was heated and ascribed their success 
to the slow heating rate of 0.6’C min- ‘_ It is, however, questionable wh??her the 
heating rate alone is the decisive factor for detecting the separation of .!eaquation 
steps. Ben-Dor and MarsaIith’ detected four definite steps in the DTA ar aI_sis of the 
initially evolving four moles of water during thermal decomposition of C&O, - 5H,O 
at a reIativeIy high heating rate of 6°C min- ‘, using the dynamic fas teciiqique. 

The determination of the number of water molecules evolved at each one of the 
early deaquation steps of NiSO,-7Hz0 as carried out by Fruchart and Michel’. 
namely, I mole, 2 moles, 3 moles and 1 mole, which was tentativeIy accepted by 
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T3nabe et al.‘, may be erroneous. The DT’A and TG measurement of Fruchart and 
Michel were carried out separately and under quite different experimental condi- 
tions3. Consequently, the temperatures of the DTA peaks and those of the very slight 
infIections of the TG curve were not identical and had to be somewhat arbitrariIy 
correlated. 

The correlation between DT.4 and TG curves is not always straightforward: 
two or even more DTA peaks may correspond to a single mass loss step, as was 
recently found by Wendlandt and Simmons& in the case of BaCIz - HZ0 deaquation. 

Paulik et aI.‘, in their extensive study of the effect of experimentaI conditions 
on the reproducibility and ie; celectivity of thermal analyses results, stressed the 
importance of sample pzcking and Inyer thickness. They used a specially constructed 
poI_pIate holder in which the sampI*? ;::p be spread very thinly and carried out simul- 
taneous TG, DT_4 and DTG measure_mznts_ PauIik detected three distinctive deaqua- 
tion steps of CuSO, - SHzO. namely, 2 moles, 2 moles and 1 mole of water, emphasizing 
that these separate steps could be distinguished only when using the polyplate holder. 

In this work the three distinctive deaquation steps of CuSO,-5H,O w-ere 
de%icJ, using a simpie micro-crucibIe. The decomposition was carried out on MettIer 
Thermoanalyzer in controlled dry nitrogen flow. 

The deaquation of NiSO,- 7Hz0 is also presented and Ieads to a different 
scheme of deaquation steps than that proposed by Fruchart and Miche13 and tenta- 
ri\-eIy adopted by Tanabe et ai.’ and others_ 

The sequence of deaquation steps of CuSO, -5H,O and NiSOJ-7Hz0 is to be 
correIated with the crystallographic structure of the water of cn_staIIization in these 
substances as elucidated by recent X-rays and neutron ditfraction studies and beauti- 
fully presented by Evans6. 

Simultaneous DTA, TG and DTG determinations were carried out on MettIer 
ThermoanaI_vzer, under controIIed dry nitrosen flow of 5 Iihr. 

The samples ransed from 16.07 to 23-82 mg, and the heatin rate from I.5 to 
4’C min- *_ The “expanded weight ** sensitivity used for TG measurements was I mg 
per recorder span but for clarity oniy the tenford condensed weight loss sign31 was 

depicted on the dia_gams_ The DTA sensitivity was 50-100 #V and the DTG range 
1 mg min- I to 5 mg min- I_ 

RESL~LTS ASD DISCL’SSIOS 

Three weight-loss steps of CuSO,-5Hz0 (Fig 1) accompanied by three DTG 
cun-es and b>- three corresponding endothermic DTA peaks can be distinguished at 
85, 107 and 23 1 ‘C. The sample u-eight was 23-82 mg; therefore the theoretical weight 
Ioss on the evoiution of one moIecuIe of water should be I.71 mg. The experimental 
vafues are as folIows: the first step, AB, is 3.33 rng, the second, BC, is 3.32 mg and the 
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ian, DE, is i-68 mg. These values v-erify the [2 moles, 2 moles, i mote] sequence of 
deaquation. 

The rate of heating was 2°C min- I _ 

Fig+_ I_ Deaquation of cupric sulfate pen?ahydmte. 

Fig_ 2. Dcaquation of nickel sulfate heptahydrate. 

In Fig. 2 a representative sequence of deaquation steps in 3 I 30 mg NiSO, - 7H,O 
sample at 3cC min - ’ heating rate is shown. The demarcation between weight-loss 
steps is best distinguishable at heating rates lower than the 2°C min-’ emplo_ved, but 
then the DTA curve, especially at temperatures above 120°C has a poor response. On 
the other hand, at heating rate of 4°C min-r, the DTA peaks are narrow and well 
developed, but the weight-loss steps seem Iess sharply differentiated than those at Iow 
rates of heating. They can, nevertheless, be readily differentiated by their DTG curves. 
The regions Iike BC or EF on FI=. ‘m 2, in which there is gradual loss of water, which 
cannot properly be ascribed to a specific deaquation step. are the Ieast pronounced 
the higher the rate of heating. In fact, the region BC does not appear at all on the 
4’C min-* heating rate thermogram. 

The loss of one moIecuIe of water in the 21.30 mg sample corresponds to the 
weight-loss of I-37 mg_ The respective weight losses of the steps in Fig. 2 are as 
foliows: AB, 1.25 mg; CD, 4.35 mg; DE, 2.92 mg: FG, 1.35 mg. These results indicate 
the sequence of deaquation steps: 1 mole, 3 moles, 2 moIes, and, finallv. 1 more. 
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The fit between the experimental weight-loss steps and the theoretically calcu- 
Iated ones of XiSO1-7H10 is not as _good as in the case of CuSO,-5HZ0. The reason 
may be that NiSO,- 7H20 crystals arc actually poor& developed asgreegates. 

The first w&&t-loss step of NiSO,-7H,O is accompanied by an esothermic 
DTA peak, whi!e the others are endothermic as would be expected.Thereare Iittle data 
about the nature, or even the esistence, of the DTA peak corresponding to the loss of 
the first water molecule. Thus, for instance, both Ben-Dor and Marsalith’ and 
Tanabe et al.’ list NiSO,-7H,O as a starting material but report results concerning 
XiSO, - 6H20 only. 

An inter-tins correlarion between the thermal and the crystallographic data 
can be found for the t\vo inv-estisated polyhydrated sulfates. It is known that in 
CuSOz-5H20, four moiecules of water are coordinatively bonded to the cupric ion. 
But, although the water coordinated cupric ion is of a size comparable to that of the 
suIfate and both ions haxe the same charge, the structure of cupric sulfate is not a 
simple one; a fifth moIecuIe of water ii needed to fill certain -‘holes”. The uncoordi- 
nated molecuIes form a network of the:r own, the so-calIed “structural water”. The 
water molecules of both types form hydrogen bonds with the sulfate ions and among 
themselves. Because of the complexity of the structure, each wxter molecule has a 
diRerent surrounding and. consequently. bonds of different Iength and strength. They 
may, hotvever, be divided into three groups: (I) The water molecules, termed accord- 
ing to Evxd, A3 and Ab, in addition to their coordinative bonds to Cu, form two 
h-drogen bonds xith sulfate groups-altogether three bonds per moIecuIe. (3) The 
woIecuIes termed AC and Ad, in addition to the three bonds already mentioned, form 
also a bond v..irh the structuraI water-totaling four bonds per moIecuIe. (3) The 
structura1 water molecule itseIf forms four bonds: two with the sulfate ions and two 
with the coordinated w-atcr m&c&s. 

It seems therefore very plausible that the moiecules of soup (I), which haye 
only three bonds to disrupt. are the first to come out. The molecuies of group (2), tied 
up by four bonds, need more energy than those of group (I) to break them and there- 
fore they evolve at hisher temperature than those of soup (I). After the four water 
molecules are gone, the Iast one presumabIy forms an S05Hz goup’ and is therefore 
more persistent than the loose& bonded polyhydrate molecules. 

The six coordinative water molecules of the nickel ion in NiSO,-7H20 have 
more varied surroundings than the four copper bonded moIecuIes described. Four 
moIecuIes in XiS04 - 7H,O are situated aImost in one plane. They are a11 termed u A” 
moIecuIes, every one forming three bonds and can be divided into two sub-goups: 

(a) Molecule Aa, bonded to Xi and to OIW sulfate ion by two bonds. 
ib) Molecules AC and Ad. bonded to i4ii and to two sulfate ions, i.e., bonded to 

thrtz ditTerent species. Af also belongs to this goup. thrice bonded: once to Ni and to 
two different water moIecuIes. 

The four bonded c B.’ class moIecuIes can be also sub-divided: 
(c) One of their four bonds is. of course, the coordinative oxygen-nickel bond. 

The moIecuIe Bb is additionally bonded to two suIfate ions and to the structural water 
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molecule, and Bc is bonded to one sulfate ion, to one coordinated water molecule from 
another cation‘s sphere and to the structurai water. 

(d) The structural water molecule Bg. 
The thermo_gram of NiSO,-7H20 snows four distinct deaquation steps. The 

four different slopes of TG are au,gmenLed by four DIG peaks and have respective 
DTA peaks at the same temperatures: 60, 110, I30 and 330 ‘C. These steps represent: 
(I) one moIecuIe, which corresponds to the most weakiy bonded mofecule, Aa (2) 
three molecuIes, which seem to be AC, Ad and Af, each of them having to break three 
bonds to three different species, (3) two molecules, Bb and Rc, with fcur bonds, and 
final& (4) the structura1 water moIecuIc, B g. which acquires the characteristic acidic 
properties of sulfate monohydrates. 

It may be concluded that the thermogravimetric results presented here can be 
easily expIained by the different number of bonds and their different strengths that 
the water molecules have to break, in order to escape from their respective hydrated 
suIfates. 

The claim that the slower the rate of heating, the better the separation of 
deaquation steps’ is, like any statement of this kind, restricted by the ever-present 
clause: “a11 other conditions being equal“. 

It seems that some of the “other conditions” may have a more pronounced 
effect on sehzctivity than the rate of heatin g_ Paulik’ elaborated the point about gas 
diffusion equilibrium estabIished over tI.e sample durin, * heatins. The controlled inert 
gas ffow empIoyed in this work prevented the establishment of such an equilibrium, 
thus facilitating the separation of the deaquation steps. 

Another phenomenon which is clearly demonstrated in our special working 
conditions is the exothermic DTA peak accompanyin? the transformation of NiSOS- 
7H,O to NiSOl - 6H,O. 

It was already observed that when the hesahydrate forms it meits in its own 
water’. The exothermic effect recorded between 35 and SS’C couid be the net resuit 
of evaporation and solidification processes. 
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