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ABSTRACT

The thermal dehydration of hexahydrated nickel sulphate crystals grown by slow evapora-
tion of aqueous solution maintained at 404+ 1°C have been studied using dynamic and
isothermal TG techniques. The dynamic TG measurements suggest the scheme of dehydra-
tion to be 1 mol, 2 mol, 2 mol and 1 mol at mean temperatures of 143, 180, 230 and 358°C,
respectively. However, isothermal measurements suggest that the dehydration scheme is
temperature-dependent. Many features of random nucleation and growth have been observed
on the (001) face of the crystal under an optical microscope. The isothermal and dynamic TG
measurements together with the optical microscopic study suggest that the dehydration of
NiSO,-6H,0 proceeds through random nucleation and growth. The proper form of F(a)
could not be decided.

INTRODUCTION

The thermal dehydration of NiSO, - 6H,0 and NiSO, - 7H,0 has been
discussed by several workers. Ben Dor and Margalith [1] have studied many
polyhydrated metal sulphates and report that all but one of the water
molecules are evolved at relatively low temperatures (beginning at 60°C),
and then after a significant rise in temperature the last molecuie is evoived.
Tanabe and co-workers [2] have used X-ray, IR, ESR and NMR techniques
in their investigations of NiSO, - H,O because of their special interest in the
catalytic activity. Fruchart and Michel [3] give the dehydration steps of
NiSO, - 7TH,0 as 1 mol, 2 mol, 3 mol and 1 mol. From simultaneous TG,
DTG and DTA analyses of NiSO,-7H,0, Sarig [4] suggests that the
dehydration steps are 1 mol, 3 mol, 2 mol and 1 mol taking place at
temperatures of 60, 110, 130 and 330 ° C, respectively. Kher and co-workers
[5] in their study of the dehydration of hexa- and heptahydrates of NiSO,
gave the sequence of dehydration for NiSO, - 7H,O crystals as 1 mol, 3 mol,
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2 mol and 1 mol at temperatures of 130, 190, 210 and 380°C, and the
sequence for NiSO, - 6H,O crystals as 1 mol, 2 mol, 2 mol and 1 mol at
temperatures of 129, 187, 214 and 390 ° C. These workers have also observed
that crystals and packed powders behave differently as regards thermal
dehydration. Rabbering et al. [6] have reviewed these contradictory reports
concerning the dehydration of hexa- and heptahydrates of NiSO, and, using
DSC, DTA, TG and X-ray methods, have attempted to clarify the dehydra-
tion pathway. Friesen et al. [7] have used X-ray and DSC techniques to
study dehydration and phase transition in hexa- and heptahydrates of nickel
sulphates. They have observed that NiSO, - 7TH,0O dehydrates spontaneously
via 7> 68 — 6a at room temperature, while the dehydration pathway of
NiSOQ, - 6H,0 is 6a — 6y > 4 - 1.

A survey of the literature has indicated that although some work on the
optical microscopy and kinetics of the dehydration of NiSO, - 7H,0 [8] and
NiSO, - 6H,0 [9] has been carried out, no studies of the kinetics of the
various dehydration steps, nor of the products formed during dehydration
have been published. This paper reports on an attempt to study the
mechanism of dehydration of NiSO, - 6H,0 using isothermal TG, dynamic
TG and optical microscopic techniques.

EXPERIMENTAL

AnalaR Grade nickel sulphate was obtained from Merck. Hexahydrated
crystals of nickel sulphate were grown by slow evaporation of the aqueous
solution. The temperature of the solution was maintained at 40 + 1°C.

A TG study was carried out using a TG assembly fabricated in the
laboratory, details of which are given elsewhere [10]. Measurement of mass
loss was carried out in the temperature range 30—-500° C. The crystals were
heated at a rate of 5°C min~'. The value of Am/A¢, i.e. rate of change of
mass (mg min~') was calculated for different temperatures. Curves of
change in mass vs. temperature (TG) and rate of change of mass vs.
temperature (differential thermogravimetry, DTG) were plotted.

Isothermal TG measurements were carried out by maintaining the tem-
perature constant within +1° C. Measurements of loss in mass were made in
two temperature ranges: (i) 180, 190, 200 and 210°C; and (ii) 310, 320, 330
and 340°C.

An optical microscopic study was carried out on the crystals using a
reflecting microscope. A freshly prepared crystal was taken out of a super-
saturated solution and dried. First the original crystal surface was studied
for nucleations. It was then heated for 1-2 min on a hot plate maintained at
80°C and the same crystal surface was observed again under the micro-
scope. This procedure was repeated a number of times. Heating time was
decided by visual inspection of the crystal.
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RESULTS AND DISCUSSION

Figure 1 shows representative curves (TG and DTG) for the sequence of
dehydration steps for the NiSO, - 6H,0 crystal grown at 40°C. It can be
seen that there are four DTG maxima at mean temperatures of 143, 190, 230
and 358°C. There also occur changes of slope in the temperature ranges
(100-140, 140-180, 180210 and 330-380°C), indicating four dehydration
steps. For a crystal of mass 150 mg the observed loss in mass corresponded
to six water molecules.

The TG measurements (dynamic) suggest the following scheme of dehy-
dration with respect to temperature.

NiSO, - 6H,0°%,NiS0, - 5H,0 + H,0
NiSO, - 5H,0#°S,Nis0, - 3H,0 + 2H,0
NiSO, - 3H,0-2”$Nis0, - H,0 + 2H,0
NiSO, - H,02%"%,Niso, + H,0

This scheme of dehydration is similar to that reported by Kher et al. [5] for
NiSO, - 6H,0.

From the mass loss measurements, the fraction a dehydrated at a particu-
lar temperature 7 was calculated. Figure 2 is a plot of a vs. T. This curve
shows four different regions, corresponding to loss of 1, 2, 2 and 1 molecules

TG
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Fig. 1. TG and DTG curves for the thermal analysis of crystalline NiSO,-6H ,0.
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Fig. 2. Plot of a vs. T for crystalline NiSQ,-6H,0.

of water, respectively, which confirms the dehydration steps given by the
DTG analysis. Values for £ and Z were calculated from dynamic TG
measurements, making use of the Coats and Redfern equation [11]

o{ 52} - 280 - 2] - 2

T? oF E |/ RT

where T is the absolute temperature, Z is the frequency factor, R is the gas
constant, ¢ is the linear heating rate, and FE is the activation energy. Figure
3 shows a typical plot of —log{ F(a)/T?} vs. 1/T, where F(a)= —log(1 —
a)” and n=1, 0.66, 0.5, 0.4, 0.33 and 0.25. It can be seen that all the
functions give straight-line plots, and there are four slope changes in a curve,
indicative of four dehydration steps. There is also a straight line plot with an
opposite slope, in the temperature range in between the two dehydration
regions (after the removal of five water molecules and prior to the removal
of the sixth). However this plot is of no significance because there is no loss
in crystal mass with the change in temperature within this range. Kinetic
parameters obtained for the dehydration of NiSO, - 6H,0 using different
forms of F(a) are given in Table 1.

Isothermal TG measurements were carried out in two different tempera-
ture ranges, 180-210 and 310-340°C, at intervals of 10° C. Figure 4 shows
the plot of the fraction a dehydrated at time ¢, against time at temperatures
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Fig. 3. Plots of —In(F(a)/T?) vs. 1/T for the thermal dehydration of crystalline NiSO,-
6H,0 (dynamic): *, n=1; X, n=0.66; O, n=05; o, n=04; 0, n=0.33; A, n=0.25.
The scale marked along the y-axis is for n =1. For other functions the scale was altered as
appropriate for drawing the remaining curves.

180, 190, 200 and 210° C. The mass loss measurements in this temperature
range corraspond to five water molecules out of the totai six in the crystal. Ii
can be seen that the lower the isothermal temperature, the longer the time
required for the release of the five water molecules. Similar results are
obtained in the temperature range 310-340°C. For the calculation of
kinetic parameters from isothermal measurements, it was assumed that the
equation

da/dt =kf(a) (2)
holds good for the isothermal dehydration of NiSQ, - 6H,0, where « is the
fraction dehydrated at time ¢, and k is the rate constant. Integration of eqn.
(2) gives

F(a) = [(da/f(a)) = 1Z exp(— E/RT) (3)
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TABLE 1

Functions F(a) and kinetic parameters for the thermal dehydration of NiSO,-6H,0 from
dynamic TG

F(a) E (kcal mol™!)

Step 1 Step 2 Step 3 Step 4
~log(l- a) 26.40 +2.73 16.53+1.72 8.65+0.60 6.67+1.01
(—log(1— a))®%® 17.2942.73 9.71+0.81 5.16£0.20 3.18+0.46
(—log(1 — &))*? 12.29+2.12 8.49+2.22 4,10 +£0.46 273405
(—log(l1— a))®* 9.10+1.82 5.76 +0.40 2.58+0.20
(—log(1— a))®® 8.64+1.36 4.10+0.46 1.82+0.5
(—log(1 — )% 5.69+1.14 3.33+0.81
F(a) Z(s™h ’

Step 1 Step 2 Step 3 Step 4
—log(1— a) (5.47+3.07) (1.61+0.80) (1.00£0.35) (55+1.7)

x10% x 108 x 10 x 10!
(—log(1— a))®%¢ (4.78 +1.82) (1.01+0.41) (6.34+0.30) (3.31+0.52)
x10%° x 10 x 1010 x10°
(—log(1— a))*? (1.70+0.63) (1.13+0.34) (1.30+0.16) (4.63+0.66)
x 1016 x 1013 x10'° x10°
(—log(1 — a))** (1.01+0.23) (2.02+0.37) (2.14+0.12)
x 10 x 101! x10°
(—log(1 — a))®* (3.99+0.57) (1.85+0.27) (4.27 £0.99)
x 10" 101 x10°
(—log(1— a)®% (3.36 £0.47) (5.57+0.65)
x 101! x10%

Dehydration temperature (°C)

Step 1 Step 2 Step 3 Step 4

143422 180+5 230+12 358+5.6

In order to obtain the function F(«) which describes the mechanism of
isothermal dehydration, various theoretical functions are plotted against
time ¢. The correct function should give a straight line with slope k, from
which the mechanistic function [12] describing the reaction mechanism can
be determined.

Typical plots of F(a) vs. time ¢ in the temperature ranges 180-210 and
310-340° C are shown in Fig. 5. (curves a and b respectively). It can be seen
that the plot of F(a) vs. ¢ is a straight line for some values of F(a). Figures
5a and b show two slope changes in the curve. These slope changes, together
with the mass loss measurements, suggest the following dehydration scheme
with respect to time for NiSO, - 6H,0.

NiSO, - 6H,0- ™%, NiS0, - 4H,0 + 2H,0 ™%, NiS0, - H,0 + 3H,0

(T=180°C)
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Fig. 4. Plots of fraction reacted a vs. time ¢: 180°C; %, 190°C; O, 200°C; o, 210°C.

NiSO, - 6H,0>™%,NiS0, - H,0 + 5H,0-2™%NiS0, + H,0
(T =310°C)

A typical plot of —log k versus 1/T for the two temperature ranges is
shown in Fig. 6 (curves a and b respectively). Values for £ and Z were
calculated using the Arrhenius equation for the various dehydration steps,
and are given in Table 2.

As reported in our earlier communications [13,14], a number of workers
have suggested that correct dehydration mechanism, activation energy and
frequency factor can be obtained by comparing information from both
dynamic and static measurements. When the data presented in Tables 1 and
2 are compared, it is observed that there is no agreement in the values of E
and Z for any step. This lack of agreement may be due to the following
factors: (1) dehydration steps being different in dynamic and isothermal
measurements; (2) the difference in the time available for dehydration in
isothermal and dynamic studies; (3) the amount of water vapour pressure
built up inside the crystal, owing to the difference in the time available for
dehydration; and (4) a change in the number of paths available for dehydra-
tion.

Though no exact estimate of the values of £ and Z can be made, our
measurements suggest that the dehydration occurs through random nuclea-
tion and growth.
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Fig. S. Plots of F(a) (isothermal) vs. time ¢ for a function F(e) = (—log(1— a))*° at (a) 180,
190, 200 and 210°C and (b) 310, 320, 330 and 340°C. -, 180 and 310°C; X, 190 and
320°C; O, 200 and 330°C; o, 210 and 340° C. The scale marked along the y-axis is for -.
For other temperatures the scale was altered as appropriate.

To verify the dehydration mechanism, a microscopic study of the crystal
surface, successively heated at a constant temperature of 80°C for 1-2 min,
was carried out. Plates 1 to 5 show the results of the microscopic observation
on the (001) face of the crystal.

Plate 1 shows the surface of the original hexahydrate crystal. It can be
seen that there are some hollows as well as dark inclusion boundaries and
dislocation sites which are randomly oriented. Note also the roughly hexago-
nal shape of the liquid inclusions (dark areas). Plate 2 shows a micrograph
of the same crystal after heating for 1-2 minutes. A dehydration band
(path), visible in the top right-hand corner, develops as the dehydration
reaction proceeds. Plates 3, 4 and 5 show that this band (path) grows in
dimension on successive heatings. A number of dehydration bands (paths)
as well as patches are also seen to appear on successive heatings. The
dehydration patches grow further in size (see Plate 4). This growth (bands
and patches) with heating shows that dislocations are responsible for in-
creased reactivity. The bands also provide evidence of preferential reaction
at small angle boundaries like AB and CD. The microscopic study suggests
that the dehydration on the (001) face in the initial stage is governed by
inclusions and dislocations. Some of the dehydrating nuclei at the disloca-
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Fig. 6. Arrhenius plots for the isothermal dehydration of crystalline NiSO,-6H,0 for
F(a)=(—1log(1— a)®® in the temperature ranges (a) 180-210°C and (b) 310-340°C, the
two dehydration steps in each of the two temperature ranges consisting of 2 mol and 3 mol,
and 5 mol and 1 mol, respectively. The scale marked along the ordinate is for the first step.
The scale for the second step was altered. +, first step; X, second step.

TABLE 2

Functions F{«) and kinetic parameters for the thermal dehydration of NiSO,-6H,0 from
isothermal TG

F(a) Step Temperature range
180-210°C 310-340°C
E z E z
(kcalmol™) (s71) (kcalmol™) (™1
o 1 - - 17.78 (3.7740.35)x 10*
log(1~2) { 2 - - 34.57 (1.06 £ 0.25) x 101°
(= log(1— a))°5 {1 5.43 1.18+0.10 1185 (1.8340.06) x10?
8 2 642 2794017 30.62 (1.65+0.19)x 10®
(—log1— a))®® { 1 6.42 3424037 11.85 (1.14+£0.27)x 10>
B 2 8.39 16.88+0.75 30.62 (1.23+0.28) x 10®
(= log(1— ap® ( 1 6.91 570+0.85 12.84 (2.5140.32) x 102
g 2 6.91 2674008 19.76 (9.46 +1.34) X 10°
o om 1 494 0.68+0.09 10.86 40.96 +3.00
(-~ log(l — ) { 2 642 1404006 35.57 (5.42+ 1.56) X 10°
o oas [1 6.91 554+1.17 11.85 74.38+4.36
(—log(1=a)) { 2 839 8134031 34.58 (1.70 +0.50) X 10°
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Plate 1. A region of the (001) face of the original nickel sulphate hexahydrate crystal. Hollows

and dark inclusion boundaries and dislocations can be observed. Note also the roughly
hexagonal shape of the liquid inclusions (dark area). ( X 400)

Plate 2. Micrograph of the same region as in Plate 1, after heating. A dehydration band can
be seen in the top right-hand corner (see arrow). (X 400)

Plates 3 and 4. The dehydration bands grow in size and in number, as do the dehydration
patches (see arrow). (X 400)

Plate 5. Dehydration bands such as AB and CD indicate preferential reaction at small angle
boundaries. (X 400)
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tion sites grow in the form of a band, giving rise to dislocation multiplica-
tion on the (001) face. Though this is observed on the (001) face, it is likely
that the same phenomenon occurs on the other faces too.

Thus dynamic and isothermal TG measurements in association with an
optical microscopic study suggest that the mechanism of dehydration is one
of random nucleation and growth. The same mechanism is described by
different functions in isothermal and dynamic measurements.

CONCLUSION

The dynamic TG study gave the dehydration scheme as 1 mol, 2 mol, 2
mol and 1 mol, at temperatures of 143, 180, 230 and 358°C respectively,
whereas the isothermal TG study gave a different dehydration scheme
dependent on temperature. Though no exact estimates of the values of E
and Z for the dehydration process could be made, it can be said that the
phenomenon proceeds through random nucleation and growth.
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