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Sealed and open tube DTA curves are reported for nickel sulfate, nitrate, 
ammonium sulfate, chloride, acetate, formate and perchlorate hydrates. The endo- 
thermic peaks for the sealed tube reactions were smaller than those found for the 
open tubes, due to the lack of water vaporization in the former. With the exception 
of NiS04-(NH4)2S04-6Hz0, the peaks for the sealed and open tube reactions 
appeared at about the same initial peak temperature_ The sealed tube reaction inter&s 
(T,- TJ were shorter than those found for the open tube. 

INiODUCI?ON 

The thermal anaIysis of nickel@) salt hydrates has been the subject of numer- 
ous investigations during the past twenty years. Compounds studied include the 
hydrated nickel@) halides, sulfate, nitrate, perchlorate, acetate, formate and other 
salts. Most of the investigations have been concerned with the DTA and TG para- 
meters of these compounds and their use in the ell*cidation of the thermochemical 
and kinetics of the deaquation processes_ There have been r:o studies using the sealed 
tube DTA’r2 technique to examine the dehydration reactions. This technique is 
useful for the detection of dehydration processes Krause the large endothermic peaks 
due to the vaporization of water are not present ‘. Hence, only the cation-water bond 
breaking reactions, water-cation bond making tea&ions, and crystalline structure 
changes are observed_ These reactions generally have a much smaller AN and are 
easily obscured by the large heat of vaporization of water. Both sealed and open tube 
DTA curves ae reported here, the iatter for comparison purposes only. 

The nickel@) salt hydrates were of C.P. quality and were obtained from 
various commercial sources. Particle size of the salts was abcut 100 mesh. 
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Sealed rube DTA appmazus 

This technique has been previously described’. A Deltatherm III furnace and 

sample holder was modified to accept the aluminum metal sleeves and the 1 .&I_8 mm 

diameter capillary tubes- Sample size ranged from 8 to 20 mg; the seaIed tube sampIes, 

because of the smaller Al% invoI\Ted, were somewhat larger than the open tube samples. 

A heating rate of about 5°C min- ’ was employed over the temperature range from 

25 to 250°C.. The sampIe temperature, as detected by a Chromel-Alumel thermo- 

couple, was recorded on the X-axis. A static air atmosphere was present in the furnace 

ChZllbtX. 

GeneraI 

The DTA curves for the nickel@) sait hydrates, in both open and sealed 

tubes, arc given in Fis. 1-3. As expected, only endothermic peaks were observed for 

the seated tube reactions and they were smaIIer, in general, than those found for the 

open tube studies. The open tube curve peaks, as discussed earlier, are larger due to 
the huge contriiution of the AlT, of water. No attempt was made to obtain the heats 
of dehydration for the dek’dration processes for either the sealed or open tube studies 

betause most of these values (for open systems at least) arc known. 
With the exception of NiSO,- (NH&SO,-6H,O, the curve peaks for the 

sealed tube reactions appeared at approximately the same initial peak temperature 

Fig. 1. Sealed and open tube DTA curves of some nickel(U) salt hydrates. (upward peak direction 
indicates endothermic reaction_) 



103 

Fig. 2_ Sealed and open tube DTA curves of some nickel(U) 
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Fig 3. Sealed and open tube DTA curves of some nickel(U) salt hydrates. 
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(&) as the open tube reactions for all of the compounds studied. However, the fmal 

peak temperature (T,) and the maximum peak temperature (ATa differed. The reac- 

tion interval (Tc- Ti) was generally shorter for the sealed tube reactions, which 

resulted in narrower peaks that terminated at lower T, values- In some cases, the 

tied and open tube DTA curve peaks were identical which indicates that the 
dehydration processes involved were the same_ These processes may be due to a 
solid --, solid phase transition or to the evolution of a liquid water phase resulting in 

the formation of a quadruple point where the initial salt hydrate, the next lower 

hydrate, and liquid and gaseous water, e.xist in equilibrium_ Quadruple points in 
metal salt hydrate systems have been discussed in detail by Borchardt and Daniels3. 

In some of the nickelflil) salt hydrate systems, no sealed tube curve peaks were 

found in the temperature regions where open tube peaks were observed. This is 

perhaps due to the very small heat of reaction present or to the fact that only vapori- 
zation phenomena are occurring_ In the latter case, no heat of reaction would be 

detected by the seaied tube technique. 

Nickei(Ii) salt hyirares 

M.SO,- 7N,O. The dehydration of this compound has recently been studied 

by TG by Lumme and Peltonen; who discussed the previous thermal studies on this 

compound and also the 6-hydrate. They found that the 6-hydrate lost five moles of 

water between 76 and 296 “C and that the anhydrous salt was obtained at about 533 “C. 
These results were in a_nment with other investigations’-‘_ 

The open tube DTA curve (Fi g_ 1) indicates a broad peak from 80 to 185°C 

with a AT&& of 140°C and a shoulder peak at a AT, of 118°C. The sealed tube curye 
consists of a narrow peak from about 120 to 16U”C, with a AT, of 135 OC_ These peaks 

are due to the transition, 7-hydrate + l-hydrate, as reported previously. It is of 
interest to note that the AT, temperatures found -were similar to those reported for 
the evolved gas detection (EGD) by Cabicar and Einhom*_ The 6-hydrate --+ l-hydrate 

transition had a maximum peak temperature of 143°C. 

iVi(N03)2-6HzO_ According to the TG curve4, no intermediate hydrates could 

be detected for this compound although dehydration was said to begin at about 30°C. 

At the 5_5”C min- ’ heating rate employed, a curve break was observed at about 
282°C which corresponded to a compound having the approximate composition, 

Ni(N03), .S3(OH)0_,; - Kalinichenko and Purtovg reported that the 6-hydrate melts 

at 55 ‘C, loses 0.2 moles of water at lOO”C, forms the 4-hydrate at 164”C, and the 

3-hydrate at 17O”C_ At 257 “C, Ni(NO,), - 1. 16Ht0 is formed and on further heating 

to 310-337X, decomposition to NiO occurs. The entha!py of dehydration of the 
6-hydrate 3 4-hydrate reaction has been reported by Auffredic et al. lo to be 

26,330 cal/mole. 

The first peaks in the sealed and open tube curves for this compound (Fig. 1) 
are identical, indicating a similar transition. The peaks begin at about 50°C and end 

at 80°C with a AT, at 59°C. The transition observed is probably that of the reaction- 

Ni(NO,), - 6H=O(s) --, Ni(NO,), - 4H,O + 2Hz0(l) 
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where the 4-hydrate dissolves in the evolved water. This is the “melting” transition 
previously ieportedg_ In the open tube there are some small peaks in the temperature 
range from 125 to 175°C which are due to the decomposition of the lower hydrates. 
Curve peak resolution is poor because the sampIe is ejected from the capillary tube 
and hence is not in contact with the heat transfer sleeve. 

NiSO, - (NH&SO, - 6nz 0. The dehydration process for this compound occurs 
between I40 and 210°C in both the seaIed and open tube techniques (Fig. 2). For the 
open tube DTA curve peak, which is much broader than that for the sealed tube, 
dehydration occurs in the temperature range of 140 to 210°C with a AT, of 170°C. 
In the seaIed tube curve, the reaction interval is from 175 to 200°C with a AT, of 
185 “C. There is also some evidence from the change in the cmve baseline that dehydra- 
tion begins at about 150°C. On reheating the same sample in the seaIed tube 2 h later, 
the curve peak was found to be shifted to a slightly lower temperature, with a 
AT, = 182”C, and there was also a greater pre-peak baseline change at 150°C. It is 
obvious from the sealed tube curves that the heat of dehydration was much less for the 
sealed tube reaction. 

NiCI,-6N,O. Aaording to Lumme and PeItonen*, TG studies indicate that 
the 6-hydrate + Zhydrate transition occurs between 30 and 139 “C and that the 
remaining water of hydration is evolved from 139 to 274°C. This is essentially in 
agreement with Van My et al.” who reported lower transition temperatures and 
also the DTA curve- They stated that transition from the 6-hydrate + 4-hydrate 
occurs at 3540°C. AIthough it was found4 that the last moIe of water was lost with 
great difficulty, Shen and Chang* z reported that the l-hydrate + anhydrous transition 
took pIace at 166 “C. 

The open tube DTA curve (Fig. 2) shows three endothermic peaks, with AT” 
values of 60, 130 and 175 “C, respectively. These peaks are due to the transitions: 

60 “C: NiClz - 6H,O(s) + NiCI, - 2H,O(soln.) i-4H,O(I) 

130°C: NiCI, -2H,O(soln.) +4H,O(l) + NiCI, - 2H20(s) +4H,O(g) 

175 “C: NiCI, - 2H,O(s) --, NiCl,(s) + 2H20(g) 

In the case of the seaIed tube reaction, only the first peak is observed, with a AT, oi 
6O”C, as expected. The other peaks are not present due to H,O(I) + H,O(g) transi- 
tions which cannot be observed by this technique. 

Ni(C2H302)2 -4H,O. Most of the thermal anaIysis @TA, TG, etc.) studies on 
this compound have been concerned with the dissociation of anhydrous Ni(CtH30& _ 

Manabe and Kubo ’ 3 showed that for thin-layered (t4 mm thick) samples, the initial 
decomposition reaction is: 

13Ni(C2H302)2 --) 10Ni(CzHsO& - 3NiO + 3(CH&CO + 3C02 

The composition of the residue dependend on the type of atmosphere employed- 
high vacuum gave a large amount of nickel and a small amount of nickel oxide; low 
vacuum gave a large amount of nickel oxide. Doremieaux’4* I5 reported that betsveer 
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256 and 3&C, three decomposition mechanisms occurred. At c32Q”C, the reaction, 

Ni(C2H,0,)2 + NiO -I- (CH,)&O -I- CO, 

took pIace without an induction period_ During this reaction, nickel nucIei resuIt 

spontaneousbj or by reduction and initiate the autocatalytic reaction, 

Ni(CrH30& - Ni i ~C21-130-] 

Further reaction then takes place between the nickel and nickel oxide and the other 

reaction products to form nickel carbide (Ni3C), acetic acid and acetic anhydride. 

The open tube DTA curve (Fig. 3) indicates a large endothermic peak in the 

temperature range from 90 to IfX’C with a AT, of 120°C. This peak is probably due 

to several competing reactions, as indicated by the shoulder peak at 125C. Two 

endothermic peaks are indicated in the seaIed tube curve, with AT, vahres of 1 IO and 

205°C respectively_ The first peak is due to the dehydration reaction whiIe the second 

peak is probably caused by a hydrolysis reaction of some type due to the presence of 

water in contact with the anhydrous nickel acetate. The nature of this reaction was 

not determined. 

Ni(HC02)t - ZH, 0. The therma decomposition of nickel formate both in the 

hydrated and anhydrous forms, has been the subject of numerous investigations. 
Rao et al. ’ 6, on the basis of TG and DTA curves, stated that the anhydrous compound 
dissociated according to the reaction: 

Ni(l-lCO& + Ni f NiO + 2C0 + 2C03: + Hz0 + Hz 

Van My” reported a heat of decomposition for the anbydrous salt of 15.6 kcal moi- l 
in argon and 17.8 kcal mol- r in vacuum. The activation energy for the decomposition 
reaction was given as 19 kcal by Criado et aI.” with a frequency factor of 1.7 x IO’. 
At t3!0°C, the reactions were diffusion controlled with z = (k, t+k,)*, where k, 

and kr are constants. TG curves have been reported by Rienacker and Tourselrg, 
Liptay *O, and others- 

Only one endothermic peak is found in both the sealed and open tube DTA 
curves (Fig_ 3)_ In the open tube curve, the peak has a reaction interval of 170 to 

250°C with AT, = 210°C. The seaIed tu’be curve peak covers a much narrower 

reaction intervaI, 190 to 33c°C, with AT, = 195°C. This singIe peak is due to the 
2-hydrate --+ anhydrous transition. 

Ni(C’ZO& - 6H, O_ The open tube DTA curve indicates four small endothermic 
peaks with Al, vaiues of 95, 160,205 and 21O’C, respectiveIy. Due to the evohrtion 

of liquid water, the sample was forced out of the sampIe tube holder at the higher 
temperatures, which resulted in fewer curve peaks as was the case with 

Ni(NO&-6Hz0. The sealed tube curve contained two endothermic peaks with AT, 

values of 03 and 215°C respectively. Since a thermal transition was not found in the 

TG curve for this compound in the temperature range of 90 to 100°C, it is concluded 

that the &st peak is due to some type of a phase transition which does not invoIve a 
mass Ioss_ The second peak at AT, = 215°C is due to the dehydration process 
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