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This paper presents the results of the nickel sulphatc decomposition by a static 
and a kinetic method. 

The first allows to define the equilibrium pressures of s~ses as a result of this 
decomposition. 

Hence, the free ener_qv and the inversion temperature has been obtained. Iiy 
the other method, based on thermognvimctric analysis the values of the stable ntc 
and of the activation energy, can be found for this process. 

The authors also pay att.cntion to the excess oxygen appearing in the nickel 
oxide phase. 

The amount of this excess speaking about nonstoichiometry proves that this 
compound depends clearly on tne decomposition parameters_ 

Nickel sulphate won from waste clcctrolytc after copper clcctrorefining may be 
used, after prior treatment, as parent substance for oxide production. 

The oxygen concentration in nickel oxide-a typical stoichiometriccompound-- 
exceeds the stoichiometric value. This is proved by the amount of so-called excess 
oxygen which ou&t to be accompnied by an adequate number of Ni3i ions if the 
electric inertness of the NiO crystalline lattice shou!d be preserved. 

The results obtained by the authors during their rescar~h”~ prove that the 
larger part of cxccss oxygen is chemically adsorbed at the MO surface. On the other 
hand, Charman et al.* sbtc the prcxncc of some quantities of crystalline oxygen. 
Excess oxygen concentration in Hi0 depends on the time and the tcmpexa:ure of the 
decomposition process as well as of the parent substance nature” 5D ‘j. No information 
is found in the literature about the effect of nickel su1phat.e decomposition conditions 
on the characteristics of the onidc won in the process. 

Literature on the decomposition of anhydrous nickel sulphate is very discordant 
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According to Hofiman and Wanjukow’, the process starts at 702°C and its develop- 
ment bccomcs quite intensive at 764’C. The authors of refs. 8-l I state, on the basis of 
TG and DTA curve analysis, that decomposition tempcraturcs remain within the 
range between 675 and 855’C. The alluded discrepancies arc quite comprchcnsiblc 
when taking into considtration the fact that, in the adopted invcsti_gation, the most 
imprtant pzmeters are heating rate, gztseous phase fiow-rate as well as the mzss of 

the preparation subjected to the analysis. 

No data are available in the lircrature about the decomposition rate of nickel 

sulph& under isothcrmic conditions, and the only information found is the value of 
activation cnersy 27.6 kcal rnol- ’ cited in ref. 12. 

Some minor discrepancies appear in data on the inversion temperature of 
NiSO;. They remain within the temperatare range between 8.30 and 89O’C. 

The discrepancies mentioned above induced the authors of the present paper 
to investigate nickel rulphste decomposition under static and kinetic conditions. The 

results of the research will be discussed Mow. 

2. EQUILIRRIUY YRESSURES OF GASES GESEWATED IS THE NICKELSULYHATE DECD.MP051T10.4i 

PINXX!SS 

When developin g the procedure of X0 obtained by thermal nickel salt de- 
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Fis. 1. Schunacic dmhg of the mezsurancnt apparatus: I -. chcd thermodynamic space; 2 = 
I Jnmnocmpk SUI; 3 -- quammcmhnc; 4 - -point where spitcc 1 was clmcd by melting Ihc end 
of the quartz tribe; 5 =- quartz rod; the displacetmnt of its upper aul MS followd-up by a cathcto- 
meter; 6 =A ~UITUX; 7 :-: nctdk valve for pressure striation compensation within spaoc 1. 
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composition, it is very important to know not only the data related to the kinetics 

but also those on the equi!ibrium. The latter allow, as we know, to determine the 
dependence of pressure and composition of the appearing -gas phase! on temperature_ 
Hitherto, this type of test was performed only by Marchal’ within the temperature 
range 700 to 950°C. 

In order to determine the relationships mentioned above, the authors of the 
present paper had adopted a manometric methcxl for the measurement of pressure 
variation within a closed system. The schematic drawing of the maurement apparatus 
is shown in Fig. 1. 

The tests were carried out on specpure nickel suiphate (NiSO, - 7HzO) subjected 
previously to dehydration at 600°C under IO’* Tr pressure. The principle on which 
the measurements were based is described below. 

At a given temperature ‘T’ the gases generated at the equilibrium state have a 
pressure value “P” originating a deflection of the quartz membrane’. Under the 
effect of thest alterations, the end of a quartz bar changes its position, this displace- 
ment being followed up by a cathetometcr. The pressure above the membrane is 
controlled by means of a needle vzlvc’ down to the neutral position of the mcmbmnc. 

TABLE 1 

VALUES OF EQUILIBRIUM PRISL’BkS DEPE!!DI?Ki ON 7EMRRATURL i.s KICFXL SULPilATE DEClPMKUXTION 

&Iuwuwr?cTs REsULls) 

---.._-_---__--_-._ -_--m---m 

T(K) p (mm HiI 
--- _-__-.-- ---.--. _-_ ---___-_- __... _-------__ ___-.--------- 

1064 
1074 
1080 
1091 
1095 
1102 
llal 
1105 
1107 

1109 
1114 
1117 
1120 
1125 
1130 
1135 
1140 
1141 
1 WI 
1146 
1150 
1154 
11% 
1158 

68 
96 

117 
151 
166 
192 

211 
238 
247 
257 
272 
286 
312 
343 
376 
423 
431 
470 
498 
524 
555 
575 
591 
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The pressure value read on the manometer* is assumed to be equal to the pressure 
in the system, It should also be pointed out that, at the neutral position of the mem- 
brane, the pressure value in the system was equal to the ambient pressure. 

Sinoc this positicln wzs a tcmpcraturc function, each measuremcnt_was foilowcd 

by adequate calibration_ After preliminary operations, the preparation was inserted 
in the spaa of system1 and the system closed subsequently at point’. Variations of the 
equiiibrium values vtith temperature were then recorded- 

The accuracy of the method adopted is of the order of I Torr. It is due to the 
fact that pressure variations of 1 mm Hg in the system originate from a membrane 
deflection of 0.03 mm and the accuracy of the txthetometer reading is 0.01 mm_ The 
measurement results are recapitulated in Table I. 

The followin_p scheme of process development was adopted for partial equiiibri- 
urn pressures according to the information found in the literature: 

(1) NiSOa + NiO f SO, 

(2.0 
(2) SOS --, so2 + i/2 02 

At the equilibrium state. each of the reactions cited above is thus in equilibrium. 
Consequently, the tested system may be described by the equations below: 

(2.2) 

where; K,, Kz are constant equilibrium values for the first and second reaction, (2.1) 
respectively: and Pi is pxtial pressure of ggseous phze components. 

CTr’hcn applying Kubaschcwski’s relationship 

AC, = 22600 - 21.36T 

which interprets free enthalpy variations *with temperature in the second reaction of 
(2.1), one may calculate K, and, consequently, PO+ Pm,, Pm, from eqns 2, 3, 4 of 
(2.2). 

With known Pm, and on the basis of eqn 1 of (2.2), we calculate Kr and 
subxquently the variation of free cnthdpy: 

AC, = - RTln K, 

The variability of this function with temperature is illustrated by the linear relation- 
ship 
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FIN. 2. Variation of free en~halpy with tanperature for NiSOl =.- NiO + SOa reaction (tested by the 
allthO@. 

AC, = 56 798 - 44.34 T 

represented in Fig. 2. 
In Fig- 3, the obtCxd results ax r;omparcd with Marchal’s data7 as well as 

with the ones cited by Barin”. 
The value of partial equilibrium pressure, of stable equilibrium a$ free . . 

enthalpy variations are specified in Table 2. 
- : . 

The obtained relationship for free enthalpy variations with temperature is 
similar to the Marchal’s function’ (Fig. 3). Both lines, however, deviate considerably 
in values from Barin’s data13. 

Presumably, the temperature of 600°C was too low to achieve an entire elimina- 
tion of water. With the measurement techniques adopted, even insignificant quantities 
of water may originate a shift of the P = f(T) curve, i.e., even such concentration of 
Hz0 which CZMO& be detected on the TG curve in thermo_mavimetric tests. The con- 
ditions of preparation dehydration were determined on the basis of thcrrnogrzvirrstric 
test results. 
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On the basis of the information specified above, the temperature of nickel 
sulphate inversion may be determined. For the condition P,, --: I atm, it is of 
lCNB”C, whereas with the assumption P - P-, + P,, + Pox -- 1 afm it is !?CWC. 

The tests were carried out with the purpose to find the relationship between the 
speed of the IWO, decomposition rcxxction and the temperatureand duration of the 
process. The first stage of testing consisted of the determination of the temperature 
range in the dehydration of hydrous nickel sulphate and its decomposition into NiO 
and SOJ. The second stage concerned the examination of !he reaction of anhydrous 
nickel sulphate decomposition under isothermic conditions. 

The process of dehydn!ion and decomposition of pure nickel sulphate NiSO, - 

;‘H1O was carried out after the thermogravimetric method on 2 Met&r TA-I 
&JxermoanaJpr. The obtained thermogram is shown in Fig. 4. Tht development of the 
recorded mass v2riations TG and DTG as well as of the heat of reaction ,DTA as 2 

temperature function showx that the dehydration of hyd,rous nickel sulphate de~dops 
in three subsequent stages, this being proved by tJx peaks on DTG and DTA. Thus, 
the proccs is &s=Ioping its&at the following temperatures dctertnintd from DTG 
and DTA peaks: r, = IZYC, Tz -- 155°C. 
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TABLE 2 

EQUIUBRIU~~ YALUFS OF P=.~;TIAL PREPURFS, STABLE EQUlUBKIUM ASD FREE EIc%ULpy IH Ni!W4 -- 

NiO + SO, REAcnoN 

7 /a PSO, sot P50, PO, MS04 = MO i SO1 
fm h?) P%) (mm If& (mm Hg.l KI GI lcnl) 

-_----- ---- __-__---.----.----- --.- - - 

1064 
IO74 
loso 
1091 
1095 
1102 
Ii04 
1105 
1107 
1109 
1114 
1117 
1120 
1125 
1130 
1135 
II_ 
1141 
114-l 
1146 
1150 
1154 
1156 
1158 

6.5 9.55 41 
9.6 10 57.6 

12 10.26 70 
!6 10.6 90 
17.5 10.54 99 
20.6 10.46 117.6 
22.4 10.87 lzz4 
22.9 10.85 125.4 
26.5 11.13 141 
27.1 10.97 146.6 
28.1 10.93 1526 
29.6 10.88 161.6 
31.3 IO.94 169.8 
3A.2 IO.% 185.2 
37.6 10.36 203.6 
41.2 10.96 223.2 
46.8 11.06 73.8 

47.6 11.01 255.6 
53 11-a 278 
57 11.45 294 
59 Il.26 310 
62.4 11.24 3x.4 
65 1:.30 340 
66.3 11.22 X9.8 

20.5 
28.8 
35 
45 
49.5 
58.8 
61.2 

627 
70.5 
73.3 
76.3 

Ef 
92.6 

101.8 
111.6 
125.4 
127.8 
139 
147 
155 
164.2 
170 
174.9 

0.008553 10066 
0.01263 93s 
0.01579 8YtE 
0.02105 8369 
0.02303 822 
0.027! l 7899 
0.02947 7731 
0.03013 7689 
0.03487 7382 
0.03566 7346 
0.03697 7299 
0.03895 7203 
0.04118 709!3 
0.045 6932 
0.04947 e750 
0.0542 1 6573 
0.06158 6313 
0.06263 6281 
0.06974 C!53 
0.075 5898 
0.07763 5839 
o.am 1 5731 
0.08553 ,W8 
0.08724 5612 

___ .--_- ---. .-_ __ -. -___- __ __ P... -- .--_.- .-- -..- 

The first and the second dehydration stagzs develop within a narrow temperature 
ransc, which dots not callow tea determine each stage separately. The residual water 

is lost at 385°C. 
Within the temperature range between 450 and XKI’C, the preparation does not 

alter its mass which proves that a complete sulphate dehydration took place. Above 
7OO”C, a minor deviation from the line may be noticed on TG, DTG and DTA, 
which indicates the beginning of the nickel sulphate decomposition reaction which 
reaches its maximum speed at 845X 

In the investi_@ions of the kinetics of the nickel sulphate decomposition 
reaction, we used an anhydrous preparation obtained by keeping hydrous salts at a 
temperature of Goo”C till a solid mass was obtained. This temperature ensured a 
complete dehyd,cation without originate decomposition. The sample was put iatc a 
furnace, heated to the required temperature at a rare of 25 and 100°C tin-‘. The 
&composition was carried out u.ndtr air atmospbcrc flowing through the furnace at a 
rate of.5 1 h”. T?E calculation of maSS decrement started at the moment when ihe 
tempetaturc in the furnace reached the set values. The decrements were rxorded with 

.m. 
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an accu~cy of up tr, I mg With the known SO3 concmtration in the parent subs~c~ 
the degrees of the decdmpasition could be easily cakulated. 

The obtained results zwe iltustr;tkd by the graph in Fig. 5. As can be SZC~ 
from this graph, prcxzss femperatun: has an essential enrect on the degree of deaom- 
pktioo. Within the tcnqmature range between 800 and 9#Y!, ca& tempmmllle 

incremcut by 25°C originates a ucariy doubte increment of the rcatiou r&c. 
la order ta obtaiu a more clear picture of this rcgukrity, the obtained degrws 

of dtxmnpat;ition dqendiag on time and temper&we axe come in Tkbk 3. 
The obtaiued rcsuJts r&t& to nickd s~~~~~ decomposition degree at YZK%IUS 



277 

TABLE 3 

lXi!E??~ OF TIME A?cD TEMPERATURE ON THE DEGREE Of SICKQ SULp.UlE DE-S 

__._.._-- - ..-P_--_--.- 

TemperaUrc Process durattin Dccvmposirion &grec 

(“Cl time (min) (%I 
--__” _-.- 

800 70 11 
825 90 28 
850 90 65 
875 90 91 
900 70 100 
925 50 loo 
950 25 100 
930 1s 100 

TABLE 4 

CUClJLATlOS RStiLTs Of KI!+Xl-lC EQUATbO_S& -IliE CAU3JLATIo.S BfISG CARRID AfTER THE METHOD 
OF USEAR CORRELATIOS ASALYSIS 
--.. --- --. -. - . . . ----_ --__ _..__-__ __ - 

Ikcom- St&d dcvialion Correhfion Vahe of Regressibn Ciw@ifnce 
posirion ctxficiht, initial co&&nt, illterml of 
rcmp. sx & R ordimte K’ K’ 

(‘Cl fbrI -0 

800 22_36068 0.01184125 0.998987 1 .WO7398 - o.oaI52902 

825 28.13657 0.0322963 0.998597 I.0032368 -- 0.00114623 

850 28.13657 0.0936248 0.995195 I.018567 -- 0.00331153 

875 28.13657 0.1796491 0.998484 I.02206 -- 0.00637522 

900 18.027756 0.2%0475a 0.989 1756 1.0555212 - 0.0153896 

9x 15.1382518 0.2941635 0.999519 0.99185886 - 0.0194224 

950 7.905ml 0.3119020 0.996550 1.0193614 - 0.0393167 

980 3.952847 0.2765746 0.99964 I 3 0.9x96413 - o.Ofm257 

- o.am51475 
-- 0.00054329 
- 0.00111513 
- o.ao117333 
- 00031+?8 
- O.&U782 
- 0.006195% 
- o.am550 
‘-- 0.0137811 
- 0.0169980 
- 0.0139313 
- 0.0199136 
- 0.03330152 
- 0.04533195 
- 0_0654M4 
-- 0.0744170 

temperatures were taken as a basis for kinetic equations. It was assumed at their 
derivation that the characteristics within the entire NiSOJ-NiO interface are identical 
and that the rate of mtion depends merely on the processes of interface displacement. 
For ezxh UW, the readon rate expressed by the reactant volume tansformed within 

ZI time unit may be described by the equation 

dm --= 

dt 
k.S 

i (3-f) 



where: dmjdr is the mien rate; k is &he constant reaction rate; Si is interphase_ 

The analysis of reaction kinetics after the formula (3.1) consists merely in the 
calculation of the interface Si at each moment based on a geometrical model which 

tzkw into account the shape and the original position of the inte&ce as welt as its 
dispiaoement SW during the dccnmposition prms. After performing a series of 

mathematical operations required for the caiculation of interface area S, on the basis 
of nxx decrement a reasonable relationship is obtained: 

(3.2) 

where: mm, -.: original SO:, concentration in the sample (mg); mm, = mass decre- 

mcnt of the sample (mg); K’ -- constant proportional to rcaclion rate; f - time 

period of the process. 

.4ftcr the measurement points had been plotted on the graph according to 

relationship (3.2). it appeared that they take a linear course. This is also another 
evidence of the regularity of the equation adopted for the calculations. By taking this 

into consideration, the results obtained at vaious temperatures had heen analyzed 
according to the linear correlation method which allowed to calculate kinetic cqun- 

tior;s for the process. The results of calculations carried out on the significance ievcl 

0.05 are specified in Table 4 and plotted on the graphs in Fig 6. 
The calculated regression lines display a quite good compatibility with the test 

results. This is proved also by the vex-y high coemcients of linear correlation (R > 0.99) 
cited in Table 3_ 

In the calculated kinetic quations of the NiSOJ decomposition reaction, the 

attention should be drawn to thr initial ordinate for I = 0. As it results from equation 
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(3.2) adopted in the calculations, this constant for I = 0 should take the value of 1. 
The calculation results show, however, that this uxrstant differs from the theoretic 
value of the initial ordinate, the deviations being both ‘positive and negative. 

It should be pointed auf however, that the discrepancies between the calculated 
initial ordinate and the one derived from eqn (3.2) are not essential. This is proved by 

the very good compatibility between the test results and the equations. 
The calculated kinetic equations allowed to find the relationship between the 

reaction rate and the temperature according to Arrhenius equation: log K’ = A - B 
as well as to determine the encrey of the process of nickel sulphatc dcccmposition. 

The repsion coellicients of the calculated equatioixs (Table 4) correspond to 

constant K’ in eqn (3.2). These constants plotted in the system log K’ = f (l/1-) had 
taken a linear pattern, this allowing to calculate the relationship. The calculation was 
carried out on the significance level O.GS and the obtained results are: 

standard deviation S‘ = 0.01434593 
standard deviation s, = 0.74 14884 

correlation uxfficient R= 0994532 
constant A A- Z I -615833 

constant B Be -0.15911515 

/ 
7- 

i- 

I- 

i- 

I- 

P 

L 

F&. 7. Depcodcncr of wnstant r-ion rate on tanpaaturc. 



confidence interval B from .= -0.142424126 
throu_gh = -0.175806182 

The calcufation results have been plotted on the graph in Fig. 7_ 
Activation encr_gy dptermirted on the basis of the calculated wlue B is of 

72795 :I 7636 cai moi- ‘. 
The linear relationship log K’ -= f (I/T) within the entire temperature range as 

well as the high activation ener_y value are a proof that NiSO, decomposition 

action takes place within the kinetic area. 

A subsequent stage of our investigation was the determination of the relation- 

ship between decomposition temperature and excess oxygen concentration in nickel 

oxide. 

With this purpose, nickel oxide obtained by nickel sulphatc decomposition at 

NYC was subjected to X-ray analysis in a “TUR-M62” diffractometer. X-ray 

analysis carried out within the entire range of the angle 0 allowed to state that the 
single phase appearin 2 is nickel oxide NiO. This fAct indicates that the presence of 

Ni,O, is below the determination limit. 

With the purpose to find the relationship between decomposition temperature 

2nd excess oxygen concentration in NiO, nickel sulphate was roasted at 900,950and 
IOOO’C under air atmosphere and at 9oo’C under 2 - 10” Tr vacuum. Each time the 

process !asted 120 min. 
Excess onygen concentration in NO w% determined after the modified Bunsen’s 

and Rupp’s method”- “. The obtained results are recapitulated in Table 5 and 

indicate that nickel oxide won at 900°C through the decomposition of nickel sulphate 
conrains 0.33 7: of excess oxygen. 

This conantration diminishes proponion;zily co the rise of decomposition 

TABLE 5 

.--_ -_-.-_ --_ - -.. 

J4tmsphere DcWtTF Concenrran.on (?A) y:, Of. of 
j3osition - -... --- . . . . _ _ cxcas 

remp. _%#‘A MO h’i3. EXCCSS OXlgrn 

(‘Cj OXJXCI? 

--._- -.--..- ___ -__ - -- 

76.8 97.73 0.17 0.0695 0.33 
air 950 77.0 97.98 0.15 0.0613 0.29 

Iam 77-i 93.11 0.13 0.0531 025 
l alum 77.5 98.62 nalc ZlIwlt none 
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temperature. Far better effects are achieved when carrying out the decomposition 
procezss under vacuum conditions, where nickel oxide of stoichiometric composition 

may be obtained already at a temperature of 900°C. 

in the decomposition process carried out under air atmosphere, excess oxygen 
cannot be removed completely even at a Lcmperaturc of IooO”C order and, on the 
other hand, such conditions may orkjnate sintering and growth of nickel oxide 

crystalline g-sins. Therefore, it seems more a&cable to carry out the dccompositlon 

process under vacuum conditions. 

5. coNCI.USIOss 

The tat results allowed to state that: 
(1) Inversion temperature determined on the basis of equilibrium system 

examination, clilculated for Pm, .-.: I atm is of ICKI8’C, whereas its value for P,, + 

P, -+ f’o, =-= 1 atm is of KlO”C. 

(2) Decomposition rate under isothennic conditions, measured after the 

thermogravImetric method may be described by the equation: 

dm k’i - m--m = 

dr a i 

According to the analysis result for the constant k in this equation, within the tempera- 

ture range of 8OO-980°C: a temperature increase by 25°C is followed bqr a double 
increase of decomposition rate; the value of dcromposition activation energy is 

72795 :+ 76-16 cal mol- I. 

(3) Physical and chemical properties of nickel oxide depend on conditions of 
sulphnte decomposition. This compound contains a cctiin quantity of excess 

oxygen, this being a proof that it is a non-stoichiometric compound. Nickel sulphate 

subjected to decomposition under air atmosphere within the temperature range 

between !XKI and iOOO”C gives a producr which conttiins rcspcctivciy 0.33 to 0.25 

at.-% of cxccss oxygen, whereas, under vacuum conditions of IO” Tr at 9oocCT it 

&es a product that has a stoichiometric composition. 
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