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ABSTRACT 

The therma decomposition of compacts of powdered CoSO, occurs at a well 
defined interface_ The rate-controlling step is the initial reaction to produce Co0 
and SO,. Because of the highly oxidizing condition that prevails when SO, is released, 
the Co0 is converted to Co,O, by a secondary reaction_ The Co,O, persists as the 
final reaction product only when the partial pressure of O2 in the sweep gas is greater 
than the equiIibrium value for Co,O, decomposition at the temperature of the 
experiment_ The reaction rate is sensitive to the flow rate of the sweep gas when the 
reaction rate is rapid and the fiow rate is slow. Within experimental error, the acti- 
vation energies for the decomposition of CoSO, and Co,O, are the same as their 
corresponding enthalpies- 

A mathematical model was developed to analyze and predict the effects of 
changes in flow rate, in temperature, and in partial pressures of product gases, on the 
rate of CoSO, decomposition. 

I?Ci-RODUCTION 

At moderate temperatures, the oxides of manganese, cobalt, and copper react 
readily with SO2 to form their sulfates. These reactior‘s have been studied’ in an 
antipollution context because they can be used to remove small concentrations of 
SO, from stack gases. The sulfates may be processed for recycling of the oxide, by 
leaching with water or by roasting. The latter procedure produces a rich gas that can 
be used for su!?uric acid production. The thermodynamics of the pertinent reactions 
have been &xcidated2-4, and the kinetics for the copper5 and manganese6 reactions 
have been studied. In this paper. studies of the pertinent reactions in the cobalt 
system wili be reported. 

Cobalt suIfate undergoes an XL--~/? transition5 at about 617°C but this does not 
interfere with its decomposition. which is first detected by therntogravinetrys at 
about ‘730°C. The sulfate decomposes without the formation of intermediate oxy- 

sulfates’. The kinetics of cobalt sulfate decomposition were studied by Pechkovskii 
ei aL9. They discussed the topochemical nature of the reaction and reported an 
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activation energy of 76 k&/mole for the reaction. This energy estimate is question- 

able because it is so much larger than the enthalpy of reaction’ (53 kcal,!moIe), and 
because some of the activation energies reported in the same paper9 for other decom- 

positions are widely different from accepted literature values. 

The reactions for the oxidation of Co0 and Co,O, and for the formation of 

CoSO, were reported by Alcock and Hocking”, who found that during the sulfation 

reaction new CoSO, is formed at the CoSO,-gas interfaee. This implies a free 
mobility of the cobah ion in both the oxide and the sulfate. 

Afareriai.. and method 
The cobah source material used in all experiments was Baker and Adamson 

reagent-grade hydrated cobaltous suIfate, for which the following analysis was 

supplied by the manufacturer: insoluble 0.01 o/b, Ci O.OOI%, Fe 0.03%, Ni O.IO%, 

NO, 0.005%, Cu 0.005%, Pb 0.005%, aIkaIi and earth meta!s 0.25%. 
Anhydrous cobaIt sulfate was obtained by dehydration of this material at 

400°C for 48 h in a mufile furnace. Tricobalt tetroxide was obtained by additionai 

decomposition of the sulfate in the muffle furnace at 850°C for 50 h. Cobaltous oxide 
was prepared by decomposing Co,O, in a stream of Nz at 900% over a 24-h period. 

Material compositions were confirmed by X-ray analysis. 
An American Instrument Co. THERMOGRAM baIance was used to determine 

the weight loss of the sample-s during their decomposition. In each instance the finely 

powdered suIfate or oxide sampIe was compressed at 100,000 lb/inch’ to form a 

compact peilet which was 0.5 inch in diameter and 0.039 inch in height. Compressed 

powder compacts were used because it has been shown that the ener_gy relationships 

established with them are identica1 with those obtained with Iarger bIocks of solids”. 

The small height-to-diameter ratio was seIected because it minimizes the influence of 

geometry change on the observed rate of reaction and permits the experimentaIist to 
make a more rapid assessment of the effects of changes in variabies without the 

necessity of detailed calculations. 

Cylinder-&mde N,, SO?, and O1 were used in the experiments. The only pre- 
caution taken was to drq’ them thoroughly to prevent the formation of sulfuric acid 

in the system. Rotameter and electronic-heat-Ioss flowmeters were used to prepare 

the gas mixtures_ 

Chemical reactions 

When cobahous sulfate is thermahy decomposed, the solid reaction product 
may be either Co0 or Co,O,; the former is recovered at high temperatures and at 

low partial pressures of 0,. and the latter is recovered at low temperatures at higher 
partial pressures of 0, (ref_ 2) The reactions that may be involved are: 

coso, * coo + so, (0 



THERMAL DECOS!POSITION OF CoSo, ASD CO,O, 41 

SO -j =s so,;+o, (2) 

3 coso, * co,o,i- 3 so, -l-o, (4) 

For the type of heterogeneous reactions shown in Eqn. (I ) or (41, the probable 
rate-controlling step in the decomposition may be indicated by thermodynamic 
considerations. The method is based on the assumption that the onset of decompo- 
sition can be detected at the temperature at which the system develops an equilibrium 
decomposition pressure of about 1 x 10m3 atm. In simple s_vstems, that is the temper- 
ature at which the free-energy change for the reaction is numerically equal to about 

fourteen times the value of the temperature in “K, i.e. T = dG’jl4. For Reaction (I) 
this relationship indicates that decomposition should be detectable at about 725’C 
while for Reaction (4) a temperature of at least 99O’C would be required*. On this 
basis, it is reasonable to expect that Reaction (1) would take place first. It is also 
reasonable LC) expect that its activation energy would be approximately equal to the 
heat of reaction for Eqn. (1) at temperature near 9OO’C. i.e. about 50 kcal;mole. 

RESULTS A-VD DISCUSsic71’ 

Geomelrical clmzges 
Heterogeneous decomposition reactions of the type to which the cobaltous 

sulfate system belongs are characterized by the fact that reaction occurs 
at a sharply defined interface between the solid reactant and its product. When the 
process is under chemical control, the interface recedes into the reactant at a constant 
velocity that is determined, in part, by the temperature of the interface_ At a constant 
interface temperature, the rate of movement of the interface is constant_ As the 
interface recedes into the pellet, the interfaciai area decreases and there is a coire- 
sponding decrease in the measured reaction rate. If a meaningful correlation of the 
reaction rate is to be made. it is necessary to normalize the rate data for the change 
in geometry_ Most normalization methods are based on the relationship between 
the fractional movement of the interface and the fraction of reaction”-‘3. In this 
paper we use an alternative method of normalizing the da:a by relating the fraction 
of reaction to a factor that converts the observed rate data to the area condition that 
prevaiIed at the beginnin g of an experiment. For example, the rate data obtained 
when the area is reduced to 50% of its original value wouid be multiplied by 2 to 
normaiize them to the initia1 condition. The method of making the correction is as 
follows: the relationship between the fraction of reaction (r) and the fractional 
movement of the interface is established from the known geometry of a pe11ett3. and 
then a factor is calculated in terms of the fractional movement of the interface. The 

observed reaction rate is muItipIied by the factor to obtain the equivalent rate for 
the initial conditions. In the case of a pellet which is 0.5 inch in diameter and 0.039 inch 
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in height, the factor, M, is related to the fraction of reactioa (2) by the following 
five-term poIynomia1 rektionship: 

M = 0.999758 to.241 840 Q t 0.081428 CL’ i 0.011549 g3 i 0.0246589 Y* (5) 

A graph of M us. K is shown in Fig. 1 _ To check the vahdity of this method of relating 
the factor for the observed reaction rate to the fraction of reaction, studies were made 
of the rate of sublimation of paradichlorobenzene pellets and the rate of unzipping 
of poIoxvmethyIene_ Because neither of these materials leaves a residue, it is possible 
to make a direct caIculation of the factor by which the interfacial area decreases as 
the reaction progresses. The results are shown also in Fig. I. The data for both 

Fig. 1. Comparison of a caicuIated normalization factor with those obtained experimentaiiy from 

sublimation and depoiymerization experiments. 

compounds are, when averaged, in good agreement with the theoretical interface 
migration relationship up to K x0.7 (70% decomposition). There is some divergence 
in excess of that amount of reaction. The divergence is caused by a rounding at the 
edges of the pellets. On the basis of the good agreeXment up to 70%, Eqn. (5) was 
applied with confidence for the normalization of reaction-rate data from the pellets 
used in this work 

Decomposition of ‘CoSO, in IV2 
Pelletized samples of cobaltous sulfate were preheated to their reaction temper- 

ature in a 2:l mixture of SOz? and O2 that was passed over a pIatinum catalyst at the 
reaction temperature_ At zero time, the holding gases were purged from the system 
and the sample was decomposed in a preheated stream of dry N, at a series of temper- 
atures between 735 and 825°C. The final reaction product at temperatures below 
WO”C was Co,O,, and for the 805, 815, and 825 “C _runs, it was COO. The reaction 
interface between the suIfate and oxide was weii defined and Co,O, always seemed 
to bc the intermediate reaction product_ The observed reaction rates were normalized 
with the relationship in Eqn. (5) and are shown in Fig. 2. The loss in weight per unit 
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area is a linear function of time through at least the first 70-80% of the reaction. 
The rate of reaction (slope of the lines) increases regularly with increasing temper- 
ature. An Arrhenius relationship for the reaction rate is shown in Fig. S..The activation 
energy is 50 _t3 kcal/moIe. 

0 20 40 6o a0 mo 12o I40 

TiME (ww3TES) 

Fig. 2. Normalized rates of decomposition for CoSO; in a NL flow. 

Decomposition of CoSO, in 0, 

A similar series of experiments was done with an O2 sweep instead of N2. 
The presence of the O2 retarded the rate of decomposition and made it necessaq 
to examine the rate of decomposition at higher temperatures. The results are shown 
in Fig. 3. A duplicate run at 815°C is included to permit assessment of reproducibilit:*r. 

A 860-c 
c 645-c 
l a30*c 
= e:s*c 
l 815-z 

OECcMPOST!ON Ci= COSO, IN 

FLO'U OF 1003 CN’//#IN 0, 

0 20 40 6o 89 

TIME (f~!&UTESI 

Fig 3- Normalized rates of decomposition for CoSO, in an 02 fIow. 

It was generally good. The same pattern of behaviour was observed for the decompo- 
sition in both N, and 0,. The solid product of decomposition was Co30, only. 
When the Arrhenius relationship shown in Fig. 5 was drawn, it was evident that the 
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activation ener_q for the rate-controlling reaction is the same as that found in the 
N, system. This probably means that the rate-controlling reaction is the same in both 
reaction systems. The difference in frequency factor is related to the retarding influence 
of O2 on the reaction rate_ 

G 20 4x3 00 f3G 100 

TIME (MINUTES) 

Fig. 1. Sormaiizcd rates of decomposition for Co304 in a N1 fiow. 

Decoinposiliom of Co,O, in As2 
Pelletized samples of Co301 were heated to the required reaction temperature 

in an O2 stream. At zero time the 0, was purged from the system and replaced by a 
Row of dq N,. Over the range of temperature from 810 to 86O”C, the Co,04 was 
rapidly converted to COO. The reaction was also characterized by a well defined 
interface between the Co,O, and COO_ The rest&s were normalized using Eqn. (5) and 
are shown in Fig. 1_ The x-eight loss per unit area is a linear function of time and is 

060 
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0 coso, DEC0.MPG5mJsY IN 4 50KcAL/MOLE 
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Fig. 5. Arrhenius relationships for CoSO, decomposition in N, and O2 flows and for Co304 
decomposition in aaN, flow. 
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valid for the initial 80-90% of reaction. The corresponding Arrhenius relationship 
is shown in Fig. 5. The activation energy is 85 53 kcal/mole. 

ECec~s of PSO,, PSQ~. po2, and carrier-gas flow raie on the decomposition of CoSOj 
In the next group of experiments, pellets of cobaltous sulfate were decomposed 

in the presence cf various partiai pressures of SO,, SO?, and O1 and at total flow rates 
of 350 and 1000 cm3!min through the reaction vessel. The cross-sectional area of the 
vessel is 20 cm’ and therefore the linear flow past the sample x%-as 5-O cmimin at the 

most rapid rate. 
The partial pressures of SOS, SO?. and 0, were generated from 2: 1 mixtures 

of SO2 and O2 equilibrated over an asbestos-supported platinum catalyst at reaction 
temperature_ The partial pressures were calculated from the equilibrium data of 
Evans and Wagman I4 The e.Fects of the gas mixtures on the reaction rate were . 

correlated by setting up a series of linear equations and solving them by determinants 
with a computer program. At any constant flow the reaction rate may be expressed as 

Rate = A eeEiRTpt~, - PRO; P& 

When this is transformed to the logarithmic form, 

(6) 

log Rate = log A - L. + a log pso, + b log pso, +c log po, (3 
2.303 RT 

This equation is of the linear form: 

I’-* = A,tA1X,+A,X,+A3X, (8;) 

and the coefficient5 A,, /i , , AZ, and A, can be solved from a series of values of Y,, 
X,, X2, and X,. The resulting equation is a partial mathematica1 model for the system. 
When the constant A, is segregated into its component parts, the components, log A 
and E/4.5767’, may be evaluated separateIy and an additional equation generated for 
the effect of fiow. In this manner a complete model for the rate of reaction as a 
function of temperature, flow, and partial pressure of SOs, SOz. and Oz may be 
constructed- 

We have constructed such a model and tested it against our experimental data 
at selected points. The results are shown in TabIe I. The conditions are shown in the 

first four columns. In columns 5 and 6 the obstrved and predicted reaction rates are 

compared. In general, the agreement is fair to good. It is at least suf?icient to permit 
meaningful comparisons of the effects of the individual variables on the reaction rate. 
Some of these comparisons are shown in the following figures. The model was used 
to predict the effect of changes in flow rate at a variety of reaction terr.peratures. The 
results shown in Fig. 6 indicate that, at 800 and 85O”C, the reaction rate is unaffected 
by flows of N, in the range from i 0 to 50 cmfmin past the sample. However, at 900 ‘C, 

the model predicts that fiows of less than about 20 cm/min are insufficient to sweep 
away the reaction product gases as rapidly as they are formed, and thus the reaction 
is retarded by the presence of the product gases. At 950°C. where the reaction rate 
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TABLE I 

SPOT CHECKS OF MODEL 

T. R. JNGR.&Fi.4!bl. P. MARIER 

T Conditions Rate (mn3~cnr’ per minj 
!‘C) - 

FhL. SO1 02 Ohserred Predicted 
(cn? ‘min) (P:) (PI) 

a5 3-v 0 0 7-3 7.9 
885 350 0.106 0.053 1.1 3.6 
185 350 0.180 0.090 0.4 0.6 
905 350 0 0 10.3 9.7 
SOS 350 0.160 0.080 3.3 3.4 
SW 350 0.200 0.100 I.3 1.1 

is much more rapid, the model predicts that the reaction is likely to be stifled by the 
presence of product gases unless the linear flow rate is in excess of about 32 cm!min. 
Even at a flow rate of 50 cmimin. the maximum rate of reaction was not attained. 

Fig. 6. The effect of carrier-gas fiow rate on the rate of decomposition of cOSOI. 

in the next group of predictions. the model was used to examine the effect of 
OL partial pressures on the rate of reaction. A constant partial pressure of SO, 
ZquivaIent to I% was used to approximate actual conditions more closely. The 
program automaticaMy included the equilibrium amount of SO, that would exist 
lsith I % O1 at various levels of O1 partiaI pressure. The results are shown in Fig. 7. 
At ail partial pressure-s of 0, in excess of about IO%, the change in rate is linearly 
related to the change in partial pressure of 0,. At lower temperatures the deviation 
from linearity is more pronounced. The principal feature of the prediction is that 
there is onIy a small change in reaction rate over a wide range of O1 pressures_ For 
example, at 925°C the model predicts only a 12% reduction in the rate of reaction 
when the partial pressure of 0, is increased to 40%. 
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loot------ 9oa=c 

RATE CMG/C~2-MW 1 

L . v 1 
0 0.~4 0 m 0 12 O-:6 O-20 O-24 0-m 0 32 O-35 O-40 

PARTIAL PFESulliE fX= 02 

Fig 7. Rate of CoSO, decomposition as a function ofpo,_ Theme, wzs held nt 19, for the prediction_ 

In the next group of predictions, the model was used to esamine the change in 
reaction rate that resuIts from changes in the partial pressure of Sot. The partial 
pressure of 0, was maintained at I o/b and the equilibrium amount of SO3 was present 
Except at the lowest temperature (850 ‘C), the refationships were essentially linear up 
to 40% SO, in the gas stream. The results are shown in Fig. 8. 

loob-L RATE V.4GICM2-%??I1 

~~~~~ 

0.04 0.08 0.12 O-:6 O-20 O-24 0-2a O-32 0-36 (140 

PARTIAL PRESSURE OF SO2 

Fig. 8. Rate of CoS04 decomposition as a function of pso,_ The po2 was held at I Oib for the prediction. 

In the next group of predictions, the mode1 was used to examine the effect of 
SO3 partial pressure on the rate of reaction. The model automaticaliy includes the 
equilibrium amounts of SO; and O2 at each temperature and SO, level. The results of 
the prediction are shown in Fig. 9. The shape of the curves indicate that for small 
changes in the SO, partial pressure, the rate reduction is approximately linear. For 
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Barger changes, the relationship becomes non-linear and indicates that, in the presence 
of amounts in excess of about 2 o/o SO,, increasinglv large amounts of SO, are required 
to produce the same amount of rat e reduction_ ??lis might be expected if the SO, 
were strongiy adsorbed on the solid reaction product. 

23 

fix-E : MG/c.d -!.C=G! 

? 2-s: c-03 c‘-s5 O-07 

Ff.AT!AL FRESWRE OF 533 

Fi_e. 9. Rate of CoSO; dsomposition as 2 frizxtion of-,_ Equilibrium amounts of SO2 axi 0, 
wei-c prcscnt _ 

The comparative effects of partial pressures of SO,. SO,. and 0, are illustrated 
in Fig. IO, which is constructed from data predicted at 925=C. The comparatively 

8-o I 
\ I 

60 1 
EFFECTS CF THE ?ARTlAL FRESSUAES 

C!= SO,,SC$ AN3 0, ON THE RATE OF 1 

40 GECOMPCSlilCN Ci= CoSO, AT S25.C 

i 
20 

yr 

503 

.,,,,,, 1 

0 0% 0-a O-12 O-i6 O-20 o-24 O-28 o-32 o-36 040 

i%RTIAL PRESSGRE 

Fig. IO. Comparison of the et%% of chages in pso,. pm:, 3fid po2 or. the fate of CoSOa dccompo- 
sition at 93’C. 

small effects of Oz and SOz partial pressures are contrasted with the effect of SC&. 
The predictions indicate that the primary rate control in the decomposition of CoSO, 
is vested in the partial pressure of SO, in the sweep gas. 
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The resuhs suppon the conclusion that when CoSOs is thermally decomposed 
the rate-controlling reaction is the formation of Co0 with the accompan_ving release 
of SO,. In subsequent steps, that are not rate-controlling, the Co0 ma>- or may not be 
converted to Co,O,, in accordance wi-ith the partial pressure of 0, prevailing in the 

reaction interface. During conditions of rapid release of SO, from the interface, the 
equilibrium partial pressure of Oz is sufficiently high to immediate@ oxidize all of 
the Co0 10 Co30j. In subsequent stages it may revert to Co0 if the partial pressure 
of O1 in the carrier gas is sutiicientIy low. 

Changes in the flow rate of carrier gas affect the rate of decomposition through 
their influence on the concentration of product gases around :he sample. 

The effect of partial pressure of SO,. SO1. and O2 is compIcx, because of the 
equilibrium existing between SO,_ SO,. and 0,. The primary rate control is vested 
in the partial pressure of SO,: SO, and O2 exert a smaller inffuence. 

The close agreement between the enthaipy of reaction and the observed acti- 
vation energies (53 and 50 kcaijmole for the CoSO,-Co0 sytem and 85 and e-I for 
the Co,O,-Co0 system) indicates that there is no significant activation energy 
required for the decompositicn processes. The attainment of the required enrhalpv cf 
reaction is a suffkient energy acquisition to initiate the reaction. In effect, the temper- 
ature coefficient of the reaction rate is the temperature coefficient of the enthaipy. 
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