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Thermogravimetry and differential thermal analysis have shown that, when nickel(II) 
sulphide and manganese or iron oxides are heated together, several reactions occur 
depending on the molar ratio of the reactants. Detailed examinations of these reactions 
have shown that there are a number of intermediate stages, including the formation 
of sulphates. 

Previous workers [1] have shown that, on heating, manganese(II) sulphide 
reacts with oxides of manganese to give overall reactions of the type 

SOLID + SOLID ~ SOLID + GAS 

Using the basic techniques of thermogravimetry, differential thermal analysis, 
X-ray powder diffraction and chemical analysis, it has been possible to elucidate 
the reactions occurring when nickel(II) sulphide and oxides of manganese or iron 
are heated together, and by taking samples from the mixtures during the reactions, 
to study the reaction mechanisms involved. 

Experimental 
Reactants 

(a) Manganese(IV) oxide 

Samples ofpyrolusite (99.5 % MnO2) supplied by the Fisher Scientific Company 
Ltd were used. 

(b) Manganese(III) oxide 

This was prepared by heating MnSO4 �9 4H20 in air at 800 ~ for 12 hours, wash- 
ing the residue with water until free from sulphate and then drying. The sample 
contained 99.5 % Mn20 a and had the partrigetite structure. 

(c) Iron(III) oxide 

Samples of haematite (98.0% Fe203) supplied by Hopkin and Williams Ltd  
were used. 
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532 GLADMAN, BUTTLER: SOLID STATE REACTIONS BETWEEN OXIDES 

(d) Nickel(II) sulphide 

Samples of 98.9 % purity with the millerite structure were prepared, in low yield, 
by saturating a solution of nickel(II) chloride, at pH 3.5 [2] with hydrogen sulphide 
until no further precipitation occurred. The product was filtered, washed with water, 
ethyl alcohol and acetone and then dried. Attempts at making nickel(II) sulphide 
in better yield at higher pH values confirmed the results of previous workers [3] 
that the quality of the product deteriorated markedly. 

Techniques 

(a) Thermogravimetry (TG) 

A Stanton massflow thernaobalance was used, the balance being capable of 
recording an overall loss or gain in weight of 200 mg with a sensitivity of 0.1 rag. 
Heating rates of 200 ~ and 400 ~ per hour were used with a maximum temperature 
of 1300 ~ A dynamic atmosphere of nitrogen was used throughout and the exit 
gases were passed through a series of bubblers and the sulphur dioxide evolved 
titrated with 0.05 M iodine. The absorption of sulphur dioxide was found to be 
quite efficient and accurate determination of the volatile reaction product was 
therefore possible. 

(b) Differential Thermal Analysis (DTA) 

A Netzsch 404 DTA apparatus was used. A dynamic atmosphere of nitrogen was 
used and a heating rate of 600 ~ per hour was found to give the best resolution of the 
reaction peaks. 

(c) X-ray analysis 

X-ray powder photographs were obtained using Phillips equipment and diffrac- 
tion traces using Siemens equipment. Radiation from an iron target was used for 
the majority of the investigations. 

Results and discussion 

(a) Manganese(IV) oxide-nickel(H) sulphide mixtures 

The TG results (Figs 1 and 2) showed that, depending on the molar ratio of 
reactants, the following reactions occur: 

1. 9MnO 2 + 2NiS ~ 2NiO + 3Mn304 + 2SO2 
2. 6MnO2+NiS ~ N i O  + 2M n3Q+ SO2 + 1/20~ 
3. 24MnOz + 3NiS ~ 3NiO + 8MnzO4 + 3SO2 + 7/202" 

* [Note: The molar ratios referred to in the text as (9 : 2) etc. are such that they represent 
nine moles of manganese(IV) oxide to two moles of nickel(II) sulphide. The numbering of 
the equations refers to the list of equations given in Table 1.] 
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GLADMAN, BUTTLER: SOLID STATE REACTIONS BETWEEN OXIDES 535 

For a given molar ratio of  reactants the TG curve obtained changed as the heat- 
ing rate was altered. For the (9 : 2) ratio, the one maximum observed in the rate 
graph at 400 ~ hour-1  became several maxima as the heating rate was decreased. 
Likewise, as the molar ratio was increased for a given heating rate, there was a 
similar effect. The D T A  results (Fig. 3) confirmed that there were a number o f  
intermediate reactions, some exothermic and others endothermic, involved in the 

I 
AT 

f 

E 

J 
AT 

i Ratio (9:2) 

Temperature ~r ~ ]  
1oJoo 

Ra'ti6 (8:1 i 

a) 

i Ratio (6:1) 
L 

/ %  

-] ~ , J 300 \ 1000 m,,.- 
Temperature~~ ' ~  

I 
Ratio (10:1)" 

3ooff  ' ' 

Y 

300 300 

AT �84 

r 
! 

c 
bJ 

Temperature ~~ 
1100 

Ratio (9:1) 
b) 

! T 

Temperature ~ ~ 
1100 

i 

Ratio (12:1) 

Fig. 3. DTA of a mixture of manganese(IV) oxide and nickel(II) sulphide 
Fig. 3/a~ b. DTA of a mixture of  manganese(Ill) oxide and nickel(II) sulphide 
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overall reactions. The overall reaction tended to become more endothermic as 
the molar ratio of manganese(IV) oxide to nickel(II) sulphide increased, and on 
changing from an (8 : 1) to a (10 : 1) molar ratio there was a large increase in the 
size of the first endothermic peak relative to the second. The following points emerge 
from a comparison of the TG with the DTA results. 

i) The proportion of the total loss occurring after the reaction became endo- 
thermic increased as the molar ratio manganese(IV) oxide to nickel(II) sulphide 
increased. 

ii) The proportion of the total loss due to sulphur dioxide emission after the 
reaction became endothermic, increased as the molar ratio increased, and the dif- 
ference between the total loss due to sulphur dioxide and the total loss for the 
whole reaction increased as the molar ratio increased. 

iii) The appearance of cloudiness in the exit gas bubblers of the thermobalance 
was used as an indication of sulphur trioxide in the exit gases. During the TG exper- 
iments no sulphur trioxide was evolved with the (9 : 2) molar ratio at any stage, 
nor was there any with the other molar ratios during the exothermic stage. How- 
ever, increasing cloudiness was observed with the (6 : 1), (8 : 1) and (10 : 1) 
molar ratios during the endothermic stages as the molar ratio increased. 

By comparing the TG and DTA results with the general observations on the 
intermediate products obtained by qualitative and quantitative chemical analysis 
and X-ray analysis further points emerge. 

iv) The percentage of water soluble sulphate increased as the molar ratio man- 
ganese(IV) oxide to nickel(II) sulphide increased and this sulphate persisted to 
higher temperatures as the molar ratio increased. X-ray analysis of intermediate 
products showed that manganese(II) sulphate was formed more readily and per- 
sisted to higher temperatures than nickel(II) sulphate. 

v) No sulphides were detected in any of the intermediate samples. 
vi) Similarly no sulphide was detected in any of the water insoluble portions of 

the products, after the reaction had become endothermic, and nickel(II) sulphide 
could not be identified by X-rays in any of the samples taken during the reaction. 

vii) X-ray results showed that for all the molar ratios used, the change from 
manganese(IV) oxide to manganese(III) oxide and then to tri-manganese tetroxide 
followed the expected pattern. 

The results show that more than one reaction occurs during the oxidation of 
nickel(II) sulphide by the manganese(IV) oxide. The key to these reactions lies 
largely with the formation of soluble sulphates as intermediates. Since sulphur 
dioxide is the only gaseous product during the initial stages of these reactions some 
of the nickel(II) sulphide must be converted into nickel(II) oxide and the manga- 
nese(IV) oxide reduced according to an equation of the type: 

1. 9MnO2 + 2NiS --* 2NiO + 2SO2 + 3Mn304 

However, it is necessary to postulate additional reactions to account for the for- 
mation of water soluble sulphate during the early stages of the overall reaction. 

J. Thermal Anal. 8, 1975 
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One such method is the direct oxidation of sulphide according to an equation of  
the type : 

4. 6MnO2 + NiS ~ NiSO~ + 2Mn30~ 

Since nickel(II) sulphate is produced at lower temperatures than that required to 
produce oxygen from manganese(IV) oxide, the direct oxidation of nickel(II) 
sulphide by oxygen can be discounted. Water soluble manganese(II) ions are pro- 
duced from manganese(lI) sulphate. It  is possible to suggest two general routes 
for the formation of this compound. 

(i) The interchange of sulphate and oxide ions 

9. NiSO~ + MnO ~ NiO + MnSO4 

(ii) The reaction of sulphur dioxide liberated in other reactions, either with 
unreacted manganese(IV)oxide,  or with a lower oxide produced in another 
reaction, as has been shown previously [ 4 -6 ] .  

10. MnO2 + SO2 ~ MnSO~ 
11. 4MnO + 4SO2 ~ 3MnSO~ + MnS 

At higher temperatures in the reaction sequence the sulphate is removed. This 
removal can arise either by decomposition of the sulphate without reacting with 
another phase, or by its reaction with any remaining sulphide or with any manga- 
nese(II) oxide present. 

18. 3MnSOI ~ Mn:~O4 + SO2 + 2SO~ [7] 
19. N i S O 4 ~ N i O  + SO3 [8, 9] 
20. 3MnSOa + M n S ~ 4 M n O  + 4SO2 [10, 11] 
21. MnSO4 + 2MnO ~ Mn~O/ + SO2 

Any manganese(IV) oxide which has not been reduced in earlier reactions will 
decompose to manganese(Ill) oxide and then to trimanganese tetroxide (Eqs 27 
and 28). 

Since the overall reaction consists of a number of exotherms followed by one or 
more endotherms, it is useful to relate the possible intermediate reactions to their 
exo- or endothermic nature. The results of these calculations, based on thermo- 
dynamic data [12] are shown in Table 1. 

The results show that all of the reactions which involve the oxidation by man- 
ganese(IV) oxide of nickel(II)sulphide to nickel(l i)oxide and sulphur dioxide are 
exothermic, as are most of the reactions in which sulphates are formed. Reactions 
17 to 25 inclusive, which involve the decomposition of sulphates, are all endother- 
mic, as is the decomposition of manganese(IV) oxide to lower oxides of  manga- 
nese. It seems likely therefore, that the exothermic part of the overall reaction 
involves some of the reactions represented by equations 1 to 16 inclusive and the 
endothermic part to reactions represented by equations 17 to 29 inclusive. Some 
overlap of these is, however, extremely likely, and to a certain extent the amount  
of overlap will depend on the molar ratios of the individual mixtures. 

J. Thermal Anal. 8, 1975 
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Table 1 

List of possible reactions 

Type of 
reaction 

1.9MnO2 + 2NiS ~ 2NiO + 2SO 2 + 3Mn304 
2. 6MnOs + NiS--~ NiO + SO2 + 2MnaO4 + 1/2Os 
3.24MnO2 + 3NiS---r 3NiO + 8Mn30,t + 3SOs + 7/2Os 
4. 6MnO~ + NiS ~ NiSO 4 + 2Mn~Oa 
5.6MnO2 + NiS ~ NiO + SOs + 3Mn202 
6.8MnO2 + NiS .-~ NiSOa + 4Mn203 
7.3MnO2 + NiS--~ NiO + SO2 + 3MnO 
8.4MnO2 + NiS ~ NiSO,t + 4MnO 
9. NiSO4 + MnO ~ NiO + MnSO 4 

10. MnO2 + SO2---* MnSO4 
11 .4MnO + 4SO2---~" 3MnSO4 + MnS 
12. MnsO3 + SOs ~ MnSO~ + MnO 
13. Mn304 + SO2---* MnSO a + 2MnO 
14. NiS + 202 --* NiSO4 
15.4NiO + 4SOs ~ 3NiSO~ + NiS 
16. 9MnsOz + NiS---,, 6Mn,O 4 + NiO + SO s 
17. NiSO~ + Mn30~ ~ NiO + MnsO3 + MnSO4 
18.3MnSO4--~ Mn3Oa + SOs + 2SO3 
19. NiSOa--* NiO + SO 3 
20. 3MnSO 4 + MnS --, 4MnO + 4SO2 
21. MnSO a + 2MnO---) MnaO 4 + SO2 
22. 3MnSOa + NiS ~ 3MnO + NiO + 4SO 2 
23.3NiSO4 + NiS--* 4NiO + 4SOs 
24. 3NiSO 4 + MnS--~ 3NiO + MnO + 4SO 2 
25 .9MnSO 4 + 2NiS--~ 3Mn~O 4 + 2NiO + 11SO2 
26. MnO + NiS--+ MnS + NiO 
27. 4MnOs ~ 2Mn20 a + 02 
28 .6Mn20  a --+ 4Mn30 a + O 2 
29 .3Mn30  ~ + N i S ~  9MnO + NiO + SO s 
30. 3FesO ~ + NiS ~ NiO + 6FeO + SOz 
31.9FesO 3 + NiS--* NiO + 6F%O 4 + SO s 
32. 12Fe2Oa + NiS ~ NiO + 8Fe304 + SO2 + 1/202 
33. 12Fe20 a + NiS--* NiSO4 + 8FesO 4 
34. Fe~O 3 + SO 2 ~ FeSO4 + FeO 
35. Fe304 -t- SO s --* FeSO4 + 2FeO 
36. 4FeO + 4SO2 ~ 3FeSO 4 + FeS 
37.6FesOa--~ 4Fe304 + 02 
38. 3Fe304 + NiS -~  9FeO + NiO + SO2 

e x o  

e x o  

exo 
e x o  

exo  

exo 
e x o  

exo  

exo 
e x o  

exo  

exo  

exo 
e x o  

e x o  

exo  

endo 
endo 
endo 
endo 
e n d o  

endo 
endo 
endo 
endo 
endo 
e n d o  

e n d o  

endo 
enc[o 

endo 
endo 
endo 
e x o  

exo  

e x o  

endo 
endo 

T h e r e  are ,  t h e r e f o r e ,  a t  f i rs t  s ight ,  a l a rge  n u m b e r  o f  r e a c t i o n s  w h i c h  m a y  b e  

t a k i n g  p l ace  d u r i n g  t he  e x o t h e r m i c  p a r t  o f  t he  r e a c t i o n s .  W i t h  t h e  (9 : 2) m o l a r  

r a t i o s  t h e r e  a re  t h r e e  we l l -de f ined  p e a k s  w h i c h  b e c o m e  m o r e  c o m p l e x  as  t he  m o l a r  

r a t i o  i n c r e a s e d  a n d  w h i c h  a re  s o m e w h a t  s h i f t ed  t o  l o w e r  t e m p e r a t u r e s .  H o w e v e r  
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the first of these peaks remains at approximately the same temperature for all 
four molar ratios, and reactions 1 to 8 and 10 may tentatively be assigned to this. 
However, by 500 ~ at the end of this peak, there is little evidence for the formation 
of tri-manganese tetroxide and no evidence for manganese(II) oxide, which would 
suggest a preponderance of reactions 5, 6 and 10. The involvement of  reaction 10 
increases as the molar ratio of manganese(IV) oxide to nickel(II) sulphide increases. 
According to previous work [4] the temperature range for this reaction is 3 2 0 -  
600 ~ and this is in the correct region for this exothermic peak. 

Several peaks are observed in the DTA experiments and it is probable that dur- 
ing the initial stages of the reaction the manganese(IV) oxide particles become 
covered with layers of manganese(III) oxide, tri-manganese tetroxide or manga- 
nese(ll) oxide or even manganese(II) sulphate, whilst nickel(II) sulphate may be 
formed over the surface of the nickel(II) sulphide. Further reaction can then involve 
for any of the molar ratios taken initially, interaction of any of these phases. The 
second and third exothermic peaks may well involve such reactions as that given 
by Eq. 16, as well as those represented by Eqs 5, 6 and 10, which will occur again 
as fresh manganese(iV) oxide surfaces are exposed. However, reactions between 
manganese(III) oxide and nickel(II) sulphide have been shown to be endothermic 
(see section (b)) and this would tend to exclude this reaction (Eq. 16) from being 
largely involved in these two exothermic peaks. 

Even with the higher molar ratios the oxidation of nickel(I1) sulphide according 
to Eq. 16 is likely to occur since a much larger proportion of the sulphur dioxide 
produced in the early stages of reaction will have been captured with the formation 
of manganese(ll) sulphate according to Eqs 10, 12 and 13. How important the 
latter reactions are depends on the conditions. Although manganese(II) oxide was 
not on the conditions. Although manganese(If) oxide was not detected by X-rays 
some phase, other than nickel(II) sulphide, which is capable of reducing manga- 
nese(ll) sulphate may be present at intermediate stages, since the decomposition 
temperature of the manganese(l i) sulphate produced is lowered. The endothermic 
part of the reaction shows two well-defined peaks, particularly when the molar 
ratio is high. The first of these is most likely due to decomposition (Eq. 27) of 
excess manganese(IV) oxide, required to oxidise nickel(lI) sulphide to nickel(II) 
oxide. The DTA temperature for this peak is slightly higher than the TG temper- 
ature due to the different heating rates used. The second peak could be caused by 
the reduction of manganese(II) sulphate according to Eqs 21, 22 and 25 and to the 
decomposition of the manganese(If) sulphate according to Eq. 18. The TG  results 
only showed cloudiness in the exit gas bubblers due to sulphur trioxide in the final 
stages of the reaction with the higher molar ratios, and this decomposition could 
probably be excluded for the lower molar ratios. 

Allowing for the fact that many reactions are possible, the following sequence, 
which fits in with all of the results and with the thermodynamic calculations, 
indicates those which probably occur to the greatest extent. 

J. Thermal Anal. 8, 1975 
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Exothermie reactions 

5. 6MnO2 + NiS ~ NiO + SO2 + 3Mn203 
6. 8MnO2 + NiS - ,  NiSO~ + 4Mn2Oa 

10. MnO2 + SO2 ~ M n S Q  
12. Mn203 + SO2 -* MnSO~ + MnO 

Endothermic reactions 

27. 4MnO2 ~ 2Mn203 + O2 
28. 6MnzOa ~ 4MnaO4 + O2 
18. 3MnSO~ ~ MnaO4 + SO2 + 2SO3 
21. MnSO4 + 2MnO --* Mn30~ + SO2 
25. 9MnSO4 + 2NiS -* 3Mn30~ + 2NiO + llSO2 

(b) Manganese(Ill) oxide - nickel(II) sulphide mixtures 

The TG results (Fig. 4) have shown that the following overall reactions occur 
depending on the molar ratio of reactants: 

16. 9Mn203 + NiS + NiO + 6Mn304 + SO2 
24Mn~O3 + 2NiS ~ 2NiO + 16Mn304 + 2SO2 + O2 

The results for the different heating rates gave essentially the same type of graph 
although at the lower heating rate the temperatures at which maxima occur in the 
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rate curve were lower. Peak resolution in the DTA experiments (Fig. 3) was poor  
due to the large weight and volume ratio of Mn203 : NiS required. Endothermic 
reactions were observed for both molar ratios studied, but it is possible that inter- 
mediate exothermic reactions occurred but were not detected due to base line drift 
and the overall endothermic nature of  the reactions. 

Qualitative and X-ray analysis on samples taken during the reactions showed the 
presence of manganese(ll) sulphate together with lower oxides of manganese, and 
also the absence of nickel(II) sulphate and any sulphites. The absence of  sulphites 
is easily explained since both nickel and manganese sulphites decompose at lower 
temperatures than those observed in this system. The absence of nickel(II) sulphate 
rules out reactions of the type: 

12Mn203 + NiS ~ NiSO4 + 8MnaO~ 

Again, as in the reactions with manganese(IV) oxide, there was "sulphur exchange" 
from nickel to manganese. During the TG runs no sulphur trioxide was evolved 
during the reactions for both molar ratios. Hence, any sulphate present must 
decompose by either the sulphate-sulphide or the sulphate-oxide mechanisms 
which have been discussed previously, and the reactions must have occurred before 
any surplus manganese(III) oxide decomposed. The formation of the manganese(II) 
sulphate occurred either by the reaction of sulphur dioxide with the oxides of 
manganese present, or by the sulphide ion exchange between nickel(II) sulphide 
and manganese(II) oxide to give manganese(II) sulphide, which was subsequently 
oxidized by manganese(III) oxide still present, to form manganese(ll) sulphate. 
This latter phase was removed from the system at higher temperatures but below 
its usual decomposition temperature by reactions of the type : 

22. 3MnSO~ + NiS ~ 3MnO + 4SO2 + NiO 
25. 9MnSO4 + 2NiS ~ 3Mn304 + llSOz + 2NiO 
21. MnSOa + 2MnO -~ Mn304 + SO,, 

There was no evidence from X-rays for the presence of other species e.g. manga- 
nese(II) oxide or sulphide but this could be due to the very small amounts which 
may be present in a large volume of material. 

Thermodynamic data [12] suggest that the reaction represented by equation 
16 would be exothermic whereas DTA showed that the reactions were essentially 
endothermic. 

For the reasons already stated too much credence should not be placed on the 
DTA results and they probably consist of a number of exo and endotherms. 

The results in total suggest a series of consecutive reactions of which the follow- 
ing is the most probable reaction sequence. 

An initial reaction: 

16. 9Mn203 + NiS ~ 6Mn30~ + NiO + SO2 

11 J. Thermal Anal. 8, 1975 
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followed by interactions between the sulphur dioxide and manganese oxides: 

12 MnzO3 + SO2 ~ MnSO~ + MnO [4] 
13. Mn304 + SO2 ~ MnSO~ + 2MnO 

These could then be followed by: 

21. MnSO4 + 2MnO ~ MnzO4 + SO2 

and any excess oxide could then decompose: 

28. 6Mn203 ~ 4Mn304 + O9 

Table 1 shows that reactions 12, 13 and 16 are exothermic whereas 21 and 28 are 
both endothermic, in general agreement with the observed DTA and TG results. 
The TG results show that the bulk of the sulphur dioxide was evolved over the 
higher temperature range, supporting the proposed sequence of reactions. For the 
higher molar ratio the endothermic decomposition of the manganese(III) oxide 
tended to swamp the other possible peaks. 

(c) Iron(Ill)  oxide - niekel(II) sulphide mixtures 

The TG results (Fig. 5) have shown that the following overall reactions occur 
depending on the molar ratio of reactants: 

30. 3Fe203 + NiS ~ NiO + 6FeO + SOz 
31. 9Fe203 + NiS ~ NiO + 6Fe304 + SO~ 
32. 12Fe203 + NiS ~ NiO + 8Fe30~ + SO2 + 1/202 

X-ray results confirmed that the residues from reaction 31 and 32 were mixtures 
of nickel(II) oxide and tri-iron tetroxide and that the residue from reaction 30 was 
the same, although weight losses suggested that iron(II) oxide was the product. 

The DTA experiments were difficult, both because of the large weight and volume 
ratio of iron(III) oxide : nickel(II) sulphide required and also because the mixtures 
fluxed on reaction. However, the results showed that the reactions were essentially 
endothermic. 

The available evidence suggests that these reactions are direct oxide-sulphide 
reactions and that they do not involve the intermediate stages which have been 
found in other systems reported here. 

Observed weight losses and titres were in close agreement with calculated values. 
X-ray evidence and qualitative analysis did not detect any sulphates in the inter- 
mediate stages. Thermodynamic data [12] for reactions 30, 31 and 32 show that 
these are all endothermic in accord with the evidence from DTA experiments. 
This thermodynamic data also showed that the reactions between iron oxides and 
sulphur dioxide were exothermic and further evidence [13] showed that a temper- 
ature of 700- 800 ~ was required for sulphur dioxide to react slowly with iron(III) 
oxide. 

J. Thermal A n a l  8, 1975 
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Table 2 

Qualitative and X-ray analysis on intermediate temperature samples MnO~--NiS mixtures 

M o l a r  r a t i o  T e m p .  o f  s a m p l e ,  ~ M n O ~  M r l 2 0 3  M n 3 0 4  N i O  SO42 - N i  2 + M n  2 + 

( 9 : 2 )  

( 6 : 1 )  

( 8 : 1 )  

( lO.  1) 

450 
500 
620 
690 
790 
850 

470 
520 
600 
630 
700 
950 

450 
510 
580 
620 
750 
910 
950 

480 
520 
600 
630 
770 
910 
960 

Mn20,~-- NiS mixtures 

T e m p .  o f  
M o l a r  r a t i o  s a m p l e ,  ~ Mn ~O ~ Mn.~O4 N i O  SO4  2 -  N F  '+  M n  2+ 

( 9 : 1 )  

(12 : 1) 

500 
800 

500 
800 

indicates phase definitely present 
fl indicates phase probably present 
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Mixtures of  molar ratios (9 : 1) and (12 : 1) produced one-step reactions which 
were essentially similar to each other except that a higher final temperature was 
found with the (12 : 1) ratio due to the decomposition of the excess iron(Ill)  oxide. 
The mixtures of molar ratio (3 : 1) showed a distinct difference in that  two sepa- 
rate peaks at 615 ~ and 1200 ~ were obtained in the rate curve. X-ray evidence showed 

0 D 

0.5 - -  

~ o - C  

N 1.51 ~ 

(u 20 �9 i 

T Y 
0 1 -  0j 

0 . 2 -  

0 .4 - -  

~ 0 .6  - 

~o .8 -  _31-,- 
o o 
"6 1.0 

5] 

! Y 

TemperQture~OC 

1oo 3o0 soo 700 900 11oo 13oo~ 

2-.  "~,.......j.. ( i I-lO 
~, ~ ~1~ 2 -  
6 2  , ~  ......... I I  4c~ 
s -  I ~ ' t l / 6  ~ 

,j 12 ~ 

.b) 

! 

: / I  

t: / 
I" I 

I:1 

If 
I I". 
i 1 " . .  
II "" ...... 
II 
V 

! I - ~ "  

li- 
0 - -  

.~" 0 . 2 -  

~ 0 A -  

_9o 0 ,6 - -  
"6 

o 0 . 8 - -  ,.,,. 

Y 

I I  �9 " . . . . .  . . . .  
4 -  c) V 

Fig. 5. TG of  a mixture of  iron(III) oxide and nickel(II) sulphide under nitrogen, a) ratio 
( 3 : 1 ) ;  b) ratio ( 9 : 1 ) ;  c )  ratio ( 1 2 : 1 ) .  - - %  loss as SOs, �9 . . . . .  % weight loss, 

. . . . .  rate of  loss 
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that tri-iron tetroxide was present after the first peak and this was the only oxide 
of iron present at 800 ~ 

Other experiments have shown that tri-iron tetroxide does react with nickel(II) 
sulphide according to the equation: 

38. 3FeaO4 + NiS ~ 9FeO + NiO + SO2 

and it is therefore possible to propose the following reaction sequence for this 
molar ratio: 

9Fe2Oa + NiS ~ 6FeaO4 + NiO + SO2 

followed by 

3FeaO~ + NiS ~ 9FeO + NiO + SO,, 

The absence of iron(lI) oxide in the final product can be explained by the dispro- 
portionation [14] of iron(II) oxide which occurs on cooling slowly to room tem- 
perature: 

4FeO ~ Fe304 + Fe. 
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R~SUM~ -- On montre par thermogravim6trie et analyse thermique diff6rentielle que plusi- 
eurs r6actions peuvent se produire suivant les rapports molaires des constituants lorsque 
l 'on chauffe du sulfure de nickel(II) avec des oxydes de mangan6se ou de fer. L'6tude d6taill6e 
de ces rdactions a mis en 6vidence un certain nombre d'6tapes interm6diaires, avec formation 
de sulfates. 
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ZUSAMMENYASSUNG - -  T h e r m o g r a v i m e t r i e  u n d  Di f f e r en t i a l t he rmoana lyse  zeigen, dab  bei 
g e m e i n s a m e r  Erh i tzen  von  Nickel(II)-Sulf id u n d  M a n g a n -  oder  E isenoxiden ,  in Abh~ingigkeit  
y o n  d e m  Molarverh~il tnis  der  R e a k t i o n s p a r t n e r  ve r sch iedene  R e a k t i o n e n  s ta t t f inden.  D a s  
e ingehende  S t u d i u m  dieser R e a k t i o n e n  ze ig te  das  Auf t r e t en  einer  A n z a h l  Zwischens tu fen ,  
d a r u n t e r  a u c h  die Bi ldung  yon  Sulfaten.  

Pe3IoMe - -  C rIOMOLIl(blO TepMorpaB~lMeTpItH I,I ~ndpqbepeHi~rta.rtbHoro TepMFt'-leCKOrO aHa.rIrlBa 
noKa3aHo, qTO rtprI COBMeCTHOM aarpeBaH~irI cyYlbqb~i)~a HI, r_KeY1~t (II) C OKnC.rIaMK MaFHI,IR HJ'n/ 
xe~eBa, ~ p o r e r a e r  ~ecKoabKo pear t tnf i  B 3aBttCttMOCTII OT MOJI~IpttOFO COOTHOlI1eHll;t peareHToa. 
~eTan~,noe ~cc~te~oBaHHe 3TrtX peaKI~n~ noKa3a~o, qTO HMeeTcrt pfl~ npOMemyTOqabIX cTa~ni~, 
BKZlto~aa 06pa30BaHi~e cynbdpaTOB. 
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