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The products obtained by heating a mixture of Co,0, and carbon in a SO, stream were CoO and CoSO,
at 400—600 °C, Co,_,S and CoO at 650—700 °C, and Co, S (Coy.9S) at 750—800 °C. Sulfur was obtained
outside the heating zone throughout the temperature range. The possible reactions during the above process
were also examined. Further, thermodynamical consideration was made of the formation of Co,_,S. The for-
mation process of Co, S (Co,.4,S) from Co,O, can be represented as follows: The reaction of carbon with SO,
occurs at first to form sulfur. Above ca. 400 °C, the reaction of Co,0O, with SO, occurs to form CoO and CoSO,.
Above ca. 500 °C, the reductions of Co,O, with carbon and with sulfur also occur to form CoO. Above ca. 600
°C, the reduction of CoSO, with carbon occurs to form CoQ. Above ca. 650 °C, Co,_,S is formed by the reac-
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tion of CoO with sulfur, both of which had been formed by the above reactions.

There have been several reports on the formation
of cobalt sulfide by the reaction of cobalt with sulfurl)
or hydrogen sulfide, and by the reaction of cobalt
monooxide (CoO) with hydrogen sulfide.®) Regarding
the synthesis of cobalt sulfide using sulfur dioxide
(SO,) as a sulfidizing agent, however, little information
has been available apart from the report of Pechkovskii
and Mal’tseva.) They performed the differential ther-
mal analysis of a mixture of tricobalt tetraoxide(Co,O,)
and carbon (CozO,:C=1:5 by molar ratio) in a SO,
stream. They observed the formation of cobalt(II)
sulfate(CoSO,) and CoO above 450 °Cl and of cobalt
sulfide in addition to these products above 600 °C.
The sample which they obtained after heating up
to about 970 °C was a mixture of cobalt sulfide and
CoO containing no residual carbon. They also re-
ported that the cobalt sulfide formed was CoS below
700 °C and CoySg at 750—1000 °C. But, the forma-
tion process of cobalt sulfide from Co;O, using SO,
has not yet been revealed. This process is not only
interesting from the viewpoint of the synthesis of the
sulfide itself, but is also important for the further
utilization of SO,.

In this work, the reactions of Co,O, with SO, and
of CosO, with SO, in the presence of carbon were
examined. In order to elucidate the formation process
of cobalt sulfide from CozO,, the reactions of Co,O,
with carbon and with sulfur were examined. Also,
the reaction of CoSO,, formed during the reaction
process of CosO, with SO, in the presence of carbon,
with carbon and the reaction of CoO, formed during
the reaction process, with sulfur in a SO, stream were
examined. Further, thermodynamical consideration
was made of the Co-S-C-O system.

Experimental

The Coy0, used was prepared at 800 °C by the thermal
decomposition in the air of pentacobalt(II) dicarbonate
hexahydroxide (Co;(CQOj;),(OH)g), which had been prepared
by adding sodium carbonate solution to cobalt(II) nitrate
solution.”> The CoO was prepared by the thermal decom-
position of the Co;(CO;),(OH)s at 800°C in an argon
stream.’ The CoSO, was prepared by the dehydration
of the guaranteed reagent cobalt(II) sulfate heptahydrate
at 400 °C and was f-form(orthorhombic: low-temperature

form).® The carbon was prepared by the thermal de-
composition of the guaranteed reagent p-glucose. The above
materials were used as powders under 150 mesh.

A mixture of Co,O, and carbon at a specified ratio in
a quartz boat (length: 72 mm, width: 16 mm, depth: 9
mm) was placed in a transparent, quartz reaction tube
(inner diameter: 28 mm, length: 1000 mm). Gaseous SO,
was then introduced into the reaction tube at a flow-rate
of 100 cm3/min. The sample part was positioned in the
middle of the tubular electric furnace (heating length: 300
mm) maintained at a specified temperature for 1h. The
temperature of the sample part was controlled within 42 °C.
After heating, the sample was quenched rapidly, and then
heated at 100 °C for 1 h in an argon stream in order to re-
lease the SO, adsorbed on unreacted carbon.”? The reac-
tions of Co,O, with carbon and with sulfur and of CoSO,
with carbon in an argon stream, and the reaction of CoO
with gaseous sulfur in a SO, stream were examined in a
similar manner.

The X-ray analysis of the sample was performed with
an X-ray powder diffractometer equipped with a propor-
tional counter using Ni filtered Cu radiation. The ther-
mogravimetry (TG) was performed by using a thermal
balance with a quartz helix. The sensitivity of the quartz
helix used was approximately 94 mm/g. The heating rate
of 2.5°C/min was employed, and a flow-rate of SO, was
maintained at 50 cm?/min.

Concerning the chemical analysis of the cobalt sulfide
formed, the sample was oxidatively decomposed in HNO,
with KCIO,. Then, the cobalt content was determined
by the chelatometric titration® and sulfur content by the
gravimetric method as BaSO,. In the case of a mixture
of cobalt sulfide, unreacted carbon, and sulfur adsorbed
on the carbon, the sample was oxidatively decomposed,
and the contents of cobalt and total sulfur were determined
by the above techniques. Then, after dissolving the cobalt
sulfide in the sample selectively with dilute HNO,, the un-
dissolved residue, which consisted of unreacted carbon and
the sulfur adsorbed on it, was oxidatively decomposed in
HNO, with KCIO,, and the amount of sulfur adsorbed on
the carbon was gravimetrically determined. The amount
of sulfur due to the cobalt sulfide in the sample was calculated
as the difference between the above total sulfur and the
sulfur adsorbed on the carbon.

Results and Discussion

Reaction of Coy0, with SO,. The TG of Co,O,
(0.3 g) in a SO, stream was carried out. The TG
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TasLE 1. PRODUCTS OBTAINED BY HEATING A MIXTURE
or Co;O, AND CARBON IN A SO, STREAM AT
VARIOUS TEMPERATURES

Amount of sulfur

:I‘%nﬂ)f Sample in the boat obtained outside
G the heating zone/g

350 Co;0, Trace
400 Co;0,> CoO>CoSO,4[f] Trace
450 Co0;0,> CoO > CoSO,[f] Trace
500 CoO > Co,0,> CoSO,[f] Trace
550 CoO > CoSO,[f>a] Trace
600 CoO>» CoSO,[«] Trace
650 CoO>Co,_,S Trace
700 CoO, Co,_,S 0.01

750 Coy-5S 0.55

800 Co,—5S 2.40

curve showed that the sample weight increased con-
tinuously above about 400 °Cl and reached a constant
value at about 670 °C. The sample heated up to
700 °C was found to be a mixture of CoO? and a-
CoSO, (orthorhombic: high-temperature form)! by
X-ray analysis. The final weight gain was 26.59%,.
This value was in good agreement with the value,
26.609,, which was calculated based on the reaction:
Cio;0,(s) +50,(g)—2C00(s) +CoSOy(s).  These re-
sults indicate that Co,O, reacts with SO, above about
400 °C to form CoO and CoSO,.

Reaction Products of Cos0, with SO, in the Presence
of Carbon. The reaction products of CosO, with
SO, in the presence of carbon as a reducing agent
were examined. Based on the results of preliminary
experiments on the suitable amount of carbon to be
mixed, the products obtained by heating a mixture
of 2.00 g of CoyO, and 2.00 g of carbon at various
temperatures for 1 h in a SO, stream at a flow-rate
of 100 cm3/min were examined. The results are shown
in Table 1. The sample in the boat was identified
by X-ray analysis.5%-13) The modification of the
CoSO, formed is represented in the brackets.

The formation of CoO and CoSO, was observed
above 400 °C. Above 650 °C, the formation of Co;_,S
was observed in addition to that of CoO. Co,_,S
was obtained at 750—800 °C. Sulfur was obtained
outside the heating zone throughout the temperature
range in this experiment, and the amount of sulfur
markedly increased above about 750 °C.

The X-ray diffraction data of the Co,__,S obtained
are shown in Table 2. The Co,_,S phase is known
to have a NiAs structure. The lattice constants of
the Co,_,S formed were calculated from the X-ray
diffraction data, shown in Table 2, to bz ¢,=3.380
A and ¢,=5.185 A. The composition of the Co,_,S
formed was determined by chemical analysis. The
analysis gave Co 42.5%; S 25.79%, for the sample
obtained at 750 °C, and Co 61.3%; S 37.29, at 800
°C. From these results, the composition of the Co,_,S
formed was determined to be Cog goS.

The formation of Co;_,S with the Co/S atomic
ratio of 0.0 by the reaction of CozO, with SO, in
the presence of carbon at 650—800 °C seems to be

Formation of Cobalt Sulfide from Co,O4 Using SO, as a Sulfidizing Agent

1481

TABLE 2. X-RAY DIFFRACTION DATA OF THE
Co,_S FORMED

d/A I, hkl
2.927 60 100
2.549 70 101
1.941 100 102
1.689 45 110
1.489 5 103
1.410 10 201
1.297 5 004
1.274 40 202
1.117 <5 203
1.082 10 211
1.028 15 114
1.017 20 212

TaBLE 3. EXPERIMENTAL RESULTS FOR THE REACTION
oF Co;O, WITH CARBON IN AN ARGON STREAM

;I‘ géni Weight loss/% Sample in the boat
450 — Co304
500 0.2 Co0,0,> CoO
600 1.3 Co,0,> CoO
700 4.3 CoO» Co,0,
750 6.3 CoO>» Co[f]
800 15.4 Co[f]>CoO

reasonable in terms of the phase diagram for the Co-S
system, reported recently by Rau.l¥ As mentioned
before, Pechkovskii and Mal’tseva®) described that
CoySg was formed by heating a mixture of CozO,
and carbon in a SO, stream at 750—1000 °C. But
CoySg is unstable above 830 °C according to the above
phase diagram.®)

Reaction Process of Coy0, with SO, in the Presence of
Carbon. To elucidate the reaction process of Co,0,
with SO, in the presence of carbon, the following
experiments were carried out under conditions similar
to those described above.

Reaction of Co,0, with Carbon: The products formed
by heating a mixture of Co,O, (2.00 g) and carbon
(2.00 g) at various temperatures in an argon sitream
(100 cm?/min) for 1 h were examined by X-ray analy-
sis.®1L,15)  The results are shown in Table 3.

These results indicate that the reduction of Co,O,
with carbon proceeds above about 500 °C to form
CoO, and that above about 750 °C CoO formed is
further reduced with carbon to f-cobalt.

Reaction of CozO, with Sulfur: As seen from Table
1, when the mixture of CozO, and carbon was heated
in a SO, stream, sulfur was formed. The reaction
of carbon with SO, occurs even at 350 °Cl to form
sulfur and this reaction proceeds markedly above about
700 °C, as reported by the present authors.”? There-
fore, the reaction of CogO, with gaseous sulfur was
examined.

Co030,4(2.00 g) was heated in a stream of argon
(100 cm®/min) containing a specified amount of gase-
ous sulfur at various temperatures for 1h. Prior to
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TaBLE 6. PrODUCTS OBTAINED BY HEATING CoO IV
A STREAM OF SO, CONTAINING GASEOUS SULFUR

T . .
Ia%nﬁ Weight loss/%, Sample in the boat —f—glg Weight gain/9%, Sample in the boat
450 — Co;0, 600 — CoO
500 0.1 Co;0,> CoO 650 2.2 CoO>» Co; ;S
550 0.2 Co30,4» CoO 700 7.5 CoO > Co,y- ;S
600 0.5 Co,0,>Co0O 750 15.4 CoO, Co,-,S
800 19.4 Co,_,5>Co0O
TABLE 5. EXPERIMENTAL RESULTS FOR THE REACTION
oF CoSO, WITH CARBON IN AN ARGON STREAM 0

E%I}P— Weight loss/%, Sample in the boat
500 — CoSO,[p]
550 — CoSO,[B>«]
600 12.6 CoSO,[f>a], CoO
650 27.8 CoO
700 28.7 CoO

this experiment, the amounts of sulfur formed by
heating 2.00 g of carbon at various temperatures for
lh in a SO, stream at a flow-rate of 100 cm?®/min
were measured. Based on these experimental results,
the amount of sulfur introduced at various tempera-
tures was controlled to be 0.01 g for the experiments
below 550 °C, and 0.04 g at 600 °C. The experi-
mental results are shown in Table 4.

These results indicate that the reduction of Co,O,
with gaseous sulfur proceeds gradually above about
500 °C to form CoO.

Reaction of CoSO, with Carbon: As seen from Table
1, when the mixture of Coz;O, and carbon was heated
in a SO, stream, CoSO, was formed above about
400 °C. Therefore, the reaction of CoSO, with carbon
was examined.

The products obtained by heating a mixture of
CoSO, (2.00g) and carbon (2.00g) in an argon
stream (100 cm®/min) for 1 h were examined. The
results are shown in Table 5.

These results indicate that the reduction of CoSO,
with carbon occurs above about 600 °C to form CoO.

The process of formation of the CoO on heating
the mixture of Coz;O4 and carbon in a SO, stream
can be explained as follows: The reaction of Co,O,
with SO, occurs above about 400 °C to form CoO
and CoSO,. Above about 500 °C, the reductions of
Co;0, with carbon and with sulfur also occur to form
CoO. Above about 600 °C, the CoSO, formed is
reduced with carbon to CoO.

Formation Reaction of Co,_,S from CoO: As seen from
Table 1, when the mixture of CozO, and carbon
was heated in a SO, stream, Co;_,S(Coy ¢,S) was
formed above about 650 °C. Above this temperature,
Co30, was reduced to CoO. Therefore, the reaction
of CoO with gaseous sulfur in a SO, stream was ex-
amined.

The products formed by heating CoO (2.00 g) for
l1h in a stream of SO, (100 cm?®min) containing
a specified amount of gaseous sulfur at various tem-

I
w”

log(Py, /atm)
1
o

-15
-20
1 1 1 1 1
-30 -25 -20 =15 ~-10
log (Ps, /atm)
Fig. 1. Chemical potential diagram for the Co-S-C-O

system at 800 °C (1 atm=101325 Pa).

peratures were examined. The amounts of sulfur in-
troduced were controlled to be 0.04 g for the experi-
ment at 600 °C, 0.12 g at 650 °C, 0.58 g at 700 °C,
1.62 g at 750 °C, and 3.34 g at 800 °C, based on the
results obtained for the amounts of sulfur formed by
heating 2.00 g of carbon at various temperatures for
l1h in a SO, stream at a flow-rate of 100 cm?/min.
The experimental results are shown in Table 6.

These results indicate that the reaction of CoO
with gaseous sulfur proceeds above about 650 °C to
form Co,_,S. The composition of the Co,_,S formed
was evaluated to be Coy S by X-ray analysis (Table
2) and chemical analysis.

As seen from Table 3, CoO was reduced with carbon
above about 750 °C to cobalt. In the Co-S system,
the presence of Co,Sg and Co,S;., in addition to
Co,_,S has been known as the lower sulfides. There-
fore, thermodynamical consideration was made of the
Co—-S-C-O system, in order to discuss whether CoO
was converted to Co,_,S via Co0,S;.,, CosSg or cobalt,
or without the formation of the lower sulfides or cobalt.
The chemical potential diagrams for the Co-S-G-O
system were constructed in a manner similar to that
described by Yazawal® on the basis of the available
thermodynamic datal?18) and phase relations.!® As
an example, the diagram at 800 °C is shown in Fig.
1. The broken curved line shows the oxygen and
sulfur potentials in the gas phase formed by the reac-
tion of carbon with SO,, depending on the carbon
content in the gas phase. The activity of carbon,
a,, is unity at the dot mark. In these calculations,
CO, CO,, Oy, COS, C8;, SO,, SO,, S,, Sy, Sg, and Sy



May, 1982]

were assumed to be gaseous products of carbon with
SO,.

The results shown in Fig. 1 indicate that CoO is
converted to Co,_,S via cobalt, Co,S;:,, and CogSq
under a pressure of SO, below ca. 10-% atm, via Co,S;+,
and Co,Sg under a pressure of SO, at ca. 10-5—10-*
atm, and via CogSg under a pressure of SO, at ca.
10-+—10-% atm, and that CoO is converted to Co,_,S
without any formation of cobalt, Co,S;.,, and CoySg
under a pressure of SO, above ca. 10-3 atm. Con-
sidering the experimental conditions in this work, the
results in Fig. 1 show that Co,_,S is formed from
CoO without any formation of the lower sulfides and
cobalt.

From the results mentioned above, the process of
formation of Co,_,S(Co, 4S) by the reaction of Cos0,
with SO, in the presence of carbon can be represented
as follows: On heating a mixture of Co,0, and carbon
in a SO, stream, the reaction of carbon with SO,
occurs at first to form sulfur. Above about 400 °C,
the reaction of Co;O, with SO, occurs to form CoO
and CoSO,. Above about 500 °C, the reductions of
Co;0, with carbon and with sulfur also occur to form
CoO. Above about 600 °C, the reduction of CoSO,
with carbon occurs to form CoO. Above about 650
°C, Co,_,S is formed by the reaction of CoO with
sulfur, both of which had been formed by the above

reactions.

The present work was partially supported by a
Grant-in-Aid for Scientific Research No. 555306 from
the Ministry of Education, Science and Culture.

Formation of Cobalt Sulfide from Co,0, Using SO, as a Sulfidizing Agent

1483

References

1) B. Morris, V. Johnson, and A. Wold, J. Phys. Chem.
Solids, 28, 1565 (1967); M. Brieu, R. Calsou, and L.
Lafourcade, C. R. Acad. Sci., Ser. B, 264, 1300 (1967).

2) J.-C. Colson, C. R. Acad. Sci., 259, 3261 (1964).

3) P. Barret, J.-C. Colson, and D. Delafosse, C. R. Acad.
Sci., Ser. C, 262, 83 (1966).

4) V. V. Pechkovskii and T. G. Mal’tseva, Izv. Vssh.
Uchebn. Zaved., Tsvetn. Metall., 7 (5), 45 (1964).

5) “Mukikagdbutsu No Gései [I], Shin-Zikkenkagaku-
Kéza 8,” ed by the Chemical Society of Japan, Maruzen,
Tokyo (1976), pp. 297, 298; ibid., [II], (1977), p. 889.

6) JCPDS Powder Data File, 28-386.

7) H. Araki, Y. H. Ryoo, M. Eguchi, R. Matsuzaki,
and Y. Saeki, Bull. Chem. Soc. Jpn., 53, 2271 (1980).

8) R. Pribil, TZualanta, 13, 1223 (1966).

9) ASTM Powder Diffraction File, 9-402.

10) JCPDS Powder Diffraction File, 11-125.

11) ASTM Powder Diffraction File, 9-418.

12) JCPDS Powder Data File, 25-1081.

13) JCPDS Powder Diffraction File, 19-366.

14) H. Rau, J. Phys. Chem. Solids, 37, 931 (1976).

15) JCPDS Powder Diffraction File, 15-806.

16) A. Yazawa, Metall. Trans., 10B, 307 (1979).
17) T. Rosenqvist, J. fron Steel Inst., 176, 37 (1954).
18) O. Kubaschewski, E. Ll. Evans, and C. B. Alcock,
“Metallurgical Thermochemistry,” 4th ed, Pergamon Press
(1967); H. H. Kellogg, Trans. Metall. Soc. AIME, 230, 1622
(1964).






