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ABSTRACT 

The system consisting of MoS, and NaCl was heated at 470-900 K in a flow of oxygen. 
Chemical reactions occurring in the investigated system were the subject of this study. 
Gaseous compounds containing chloride and/or chlorine begin to form at 470 K. Yields of 
those compounds rise at elevated temperatures. The solid sample remaining after heating was 
investigated by X-ray diffraction analysis. Some new phases were found, but chlorides and 
oxychlorides of molybdenum and sodium sulfate were not identified, in contrast to the 
literature data. 

INTRODUCTION 

The advantages of having a chlorination process in industrial manufactur- 
ing of many metals is widely known. There are several procedures of 
chlorination: by gaseous chlorine, by chlorine compounds including in- 
organic chloride salts, and finally chlorination in molten media [1,2]. 

Literature data concerning chlorine generation at elevated temperatures 
and the chemistry of reactions between chlorides of alkalis and alkaline 
earths with metal sulfides are scarce. Reactions between pyrites and sodium 
chloride at elevated temperatures were studied in the work by RajiC [3]: solid 
samples after heating and gaseous products of the mixture were investigated 
by X-ray diffraction. On heating MOO, and NaCl to 970 K Na-molybdates 
are formed, but after addition of pyrite MO-chlorides are formed [4]. 
Methods of DTA and DTG corroborate three stages of chemical reactions; 
the energy of activation for each reaction is calculated by Kissinger’s 
method [5]. 

The present paper further investigates chemical reactions in the mixture 
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Fig. 2. Kinetic curve: yield of chloride vs. time. 

formed, and those compounds can be absorbed in distilled water. From the 
chloride content of the water, data can be obtained about chlorine genera- 
tion in those chemical reactions. It was found that with increasing temper- 
ature of the mixture, the amount of chloride absorbed in the water increased 
rapidly (Fig 1). The term chloride in this case is used because of the form of 
chlorine determination. The experimental results show that chlorine or 
gaseous compounds containing chlorine start to form at about 470 K, and 
from about 670 K the yield of chlorine rapidly increases. The kinetic curve 
showing the yield of chloride vs. time of heating is presented in Fig. 2. 
According to the kinetic results obtained, it is found that the optimum time 
of heating is 60 min. Molybdenum and chlorine evaporation contribute to a 
decrease in the total mass. The extent of molybdenum evaporation is 
presented as total evaporation and can be seen in Fig. 3. Molybdenum was 
not found in the water contained in the washing bottle, and molybdenum 

Fig. 3. Mass change of mixture of molybdenite and sodium chloride during heating. 
(MoS, : NaCl = 2 : 1). 
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compounds condensed only on the cold parts of the tube or remained partly 
in the vessel depending on the temperature of heating. 

X-ray diffraction analysis 

Solid samples from the vessel or samples from the cold parts of the tube 
after heating were analyzed by X-ray diffraction. The X-ray results obtained 
are listed in Table 1. In addition to sodium chloride, there are many new 
phases which are formed during the heating. The new phases are not the 
same in samples which were heated at different temperatures. The first new 
phase appears at about 470 K. All phases were very well crystallized having 
sharp reflections. Molybdenum chlorides or oxychlorides were not found by 
X-ray detection. From the X-ray diffraction analysis we note that sodium 
sulfate was not identified in any sample, in contradiction to literature data. 
A system consisting of molybdenum disulfide and sodium chloride was 
heated under the same experimental conditions as a system consisting of 
pyrites and sodium chloride. At 470 K samples undergo crystallochemical 
transformations as is shown by the disappearance of the X-ray reflections of 
both compounds contained in the mixture. At higher temperatures reflec- 
tions of newly formed phases and sodium chloride start to increase. The 
newly formed phase remains stable up to 660 K. At higher temperatures the 

TABLE 1 

X-ray diffraction analysis of solid samples after heating at different temperatures. Oxygen 
flow, 12-16 cm3 min-’ 

Mixture 

MoS, + NaCl 

MoS, + NaCl 

Tempera- 
ture (K) 

470 

570 

Reflections 
at 0 

0i = 31.75 weak 
f+ = 45.40 weak 
0, = 56.30 weak 

0i = 27.10 strong 
ti2 = 23.25 medium 
0, = 25.60 medium 
0, = 12.75 medium 
t?, = 33.65 weak 

Remarks 

Decreasing of NaCl 
reflection intensities. 
Reactions begin 

Intensities of NaCl 
are stronger. New 
phase appears 

MoS, + NaCl 640 The same reflections 
as in the previous 
sample. 

MoS, + NaCl 660 Reflections as in 
previous sample, 
but reflections of 
NaCl are stronger. 

Reflections of fol- 
lowing compounds 
are not found: 

Na,SO,, Na,S,% 
MoOCl,, MoCl,, MoCl,, etc. 
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TABLE 2 

Part of diffractogram of the blue-green condensate from the cold part of a tube 

e Relative intensities Reticular distance d 
(nmX lo-‘) 

5.95 
6.40 

11.77 
13.02 
13.85 

a d. Diffuse. 

2 8.9 
5d” 6.87 
6d 3.78 

11 3.42 
10 3.22 

newly formed phase evaporates from the mixture and condenses on cold 
parts of the tube. The condensate was also analyzed. It may have different 
colours, ranging from blue to blue-green to yellow-green. X-ray analysis 
shows that different compounds are present in the condensate, depending on 
experimental conditions during heating. Part of a diffractogram of a green 
condensate is given in Table 2. A diffractogram of the heated mixture is 
presented in Fig. 4. This sample was then treated with water in order to 
dissolve sodium chloride. Undissolved compounds were analyzed by X-ray. 
The diffractogram is presented in Fig. 5. No sulfate or other sulfur-contain- 
ing sodium compounds were found in any of the samples investigated, so 
that the chemistry is not as described in Babenko and Smirnov’s paper [8]. 
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Fig. 4. Diffractogram of mixture of MoS, and NaCl after heating. 
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Fig. 5. Diffractogram of the sample presented in Fig. 4 after treatment with water. 

In order to understand chemical processes which take place in the mixture 
of sodium chloride and molybdenum disulfide during heating, different 
samples were heated: (a) a mixture of MOO, and NaCl, (b) MOO, and NaCl 
with the addition of carbon powder, (c) MOO, and NaCl with the addition 
of sulfur powder, and (d) MoS, and NaCl. The amount of chlorides formed 
after heating of the samples is given in Table 3. 

The results obtained show that only in the presence of sulfur or sulfides in 
a mixture with sodium chloride were chlorine-containing compounds formed. 
But, if compounds were separately heated in two vessels, chlorine-containing 
compounds were not formed in the case when oxygen passed first over 
sodium chloride and after that over sulfides or sulfur. However, if oxygen 
passes first over sulfides or sulfur, chlorine-containing compounds were 
formed just as in a mixture of sulfide and sodium chloride. This indicates a 

TABLE 3 

Chloride content in the washing bottle from mixture of molybdenum compounds and sodium 
chloride 

Mixture Cl- content (mg) 

MOO, + NaCl 0.2 

MOO, + NaCl + C + 0, 0.3 

MOO, + NaCl + S + 0, 6.5 
MoS, + NaCl+ 0, 11.6 
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role of SO, and SO, gases in a chemisorption process. The role of sulfur is 
not explained although it is similar to the role of carbon in chlorination, 
when using a chloride [9]. 

Figures 4 and 5 are diffractograms of a mixture after heating. It is seen 
that reflections of chlorides and oxychlorides or molybdenum do not ap- 
pear; sodium sulfate also is not formed. Our model of the chemistry of 
chloride formation on the basis of our results is rather different from those 
based on results described in the literature [8]. The investigated system is 
similar to processes in a system consisting of pyrites and sodium chloride [3]. 
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