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By the use of TG-MS, the thermal dissociation of anhydrous CuSO, and 

Ai,(SO,), was found to proceed according to the reactions: 

CuSO~ --, cuo+so, 

Al,(SO.& - A&o, t3S0, 

followed by the reactions: 

so 3 * so,++o, 

No SO, was indicated in the dissociation of alunite- The sulfate ion appears to 

dissociate by at !east two different mechanisms although the parameter which 

controls the mechanisms has not been elucidated. 

INTRODUCTION 

Ahhough the composition of the evolved gases formed during the thermal 

dissociation of metal sufates has been determined by a number of investigators, there 

are stiil many unresoIved problems. Recent discussions in the literature illustrate the 

disagreement amongst the investigations not only concerning the evolved gas com- 

position but also the reaction kinetics. The main controversy over the former is a 
resuIt of the lack of experimental evidence for SO, in the mass spectrometry data. 

Johnson and Gallagher ’ - ‘, studying the thermal dissociation of Al,(SO& , maintain 
that the absence of the SO: species in the mass spectrum of the evolved gases does 

not preclude the possibility that SO, is the primary sulfur oxide involved in the 

dissociation reaction. On the other hand, Papazian et a1.3*4 suggest that since no 

*To whom requests for reprints should be addressed. 
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SO: ion is detected and an inordinate quantity of SO$’ is observed in the mass 
spectra, the primary product is SO with sulfur dioxide (SO,) formed as an association 
product on the surface of the solid residue. 

Langer and GohIke’ studied the mass spectra of fuming sulfuric acid and the 
dissociation products of certain metaI sulfates. They found that there was no ion 
moiecule formed at m/e = 80 (Le. SO:), which is in disagreement with the work of 
Wendlandt and Southem6. 

In this investigation, the evolved gases from the thermal dissociation of 
&SO,-5H10, AI,(SO,), - ISHzO and aIunite were anaIyzed mass spectrometrically 
in order to qualitatively determine their composition. A computerized TG-MS 
system was used to obtain a complete mass spectrum (to m,‘e = 10) at 5°C intervals 
and to generate product gas evolution curves using aI1 of these data points. These. 
cures, which were obtained by introducing the evolved gases directIy into the mass 
spectrometer ionization chamber with no intermediate trapping step, were used to 
deduce the mode of dissociation of the metal sulfates_ 

IExPmuMExrAL. 

~Chemicak 
The CSO,- 5 Hz0 and AI,(SO& - 18 Hz0 used in this study were Baker 

Analyzed Reagent quality chemicals. The ahmite was a sample from a deposit which 
has been reported in Arizona7. 

l7zennaZ andyzer~mass speczromererjcompirer system 
This system has been described previously’_ A heating rate of 6°C min-’ was 

used with a mass spectrometer scan rate of 1.2 min- ’ _ 

RESUJZTS AXD DISCUSSION 

Gaseous products evoivecl during the thermal dissociation of C&O,- 5H,O, 
lu,(SO,), - I8 H,O, and ahmite in vacua were determined qualitatively through 
computer analysis of the mass spectra obtained at 50 see intervaIs. Since the suL!ur 
oxide gases formed in the dissociation of the suIfate radicals were of primary interest, 
peak intensities were m easured as a function of temperature for m/e vaks of 80,64, 
48 and 32 corresponding to the ion moIesx&s of SO,, SO,, SO and S or O,, 
respectiveIy. The totaI gas evolution curve and the water evolution curves were also 
obtained in some cases to aid in the interpretation of the dissociation processes. It 
should also be noted that each curve was individually nornxalized with the most 
intense peak adjusted to lOO%_ Therefore, comparisons of concentrations or quanti- 

- ties based on the relative peak amplitudes will not reffect the actual concentrations 
unless the peaks are part of the same evolved gas curve. No quantitative comparison 
of one gas evolution curve with another curve can be considered valid_ 
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Gas evolution curves were obtained for each compound at mass spectrometer 
ionization potentials of 7 and 15 eV, but due to the normalization procedure, there 
was no significant difference between these data. However, there were differences in 
the reIative peak intensities within each mass spectrum. Therefore, selected spectra 
were printed in norraaiized digita form for both ionization potentials to facilitate 
quantitative comparisons of peak intensities and ratios. The data and results obtained 

in this study are discussed for each compound individually. 

CuS04-5H20 
The gas evolution curves for CuSO,*SH,O in vacua are presented in Figs. 1 

and 2. The water evolution curve in Fig. 1 confirms that the major portion of the 
hydrated water was lost between 100 and 300”C, although water remained in the 
system until the analysis was terminated at 1iIo”C. The appearance of water in the 

TEMPERATURE, %Z 

Fig. I. Mass spectrometric evolved grs curves for &SO,- 5 H,O. (- )H,O;(---)totalgas 
prczssWe; (--‘----) 02. 

Fig 2 Mass speetronztric evoIvd gas curves few Cu!30,~ 5Hz0. (- ) so,; (---) so,; 
(y-----) so. 



spectra above 300°C is due to its condensation in the cooier parts of the system and 
to a high vapor pressure which hinders removal by the vacuum system. 

Dissociation of anhydrous CuSO, begins at about 500°C ahhough traces of 
some sulfur oxides are detectable at lower temperatures. SuIfur dioxide first appears 
at about 250 and sulfur monoxide at 35O”C, as shown in Fig. 2. During this interval 
preceding the major dissociation process, sulfur dioxide is probably the primary 
gaseous evoiution product with the sulfur monoxide being formed in the ionization 

chamber as a fragmentation product- In the 250 to 350°C region, the quantity of SO2 
was so minute that the SO fra&aent was produced in concentrations too smaI1 to be 
detected_ Sulfur trio_xide could also have been present in quantities too small to be 
detected in the 250 to 500°C region. 

SubstantiaI quantities of SOs, SO1 and SO can be detected as CuSO, de- 
composed between 500 and 700°C. The SO3 peaks at m/e = 80 were of sufficient 
intensity to produce a smooth evoiution curve, as shown in Fig. 2. Since the SOJ, 
SO, and SO peaks coincide with the sulfate decomposition region, a plausible 
expkmation for the composition of the decomposition products is: 

cuso, + cuotso, 

so, z SO,++02 

so, s SO+_0 

The oxygen evolution curve (Fi g. I) also supports this mechanism. Intensity measure- 
ments of the P +2 isotope peaks were used to confirm that the m/e = 80, 64 and 48 
peaks were definiteIy due to SO,, SO, and SO, respectively_ 

The peak intensities of SO,, SO,, SO and O2 were measured at selected 
temFratures at mass spectrometer ionization potentials of 70 and 15 V and are 
presented in Table 1. These data show that the SO, peak is small but significant over 
the region of the suIfate decomposition_ Also, the SOJSO ratio is nearly constant at 

TABLE I 

PMK rnmsr-rnzs FOR 02,so,so2 AND so3 FOR=?HERMAL 
DISSOCIATION OF CuSO~-SH=O IN VACUO 

1oniza:ion cohage 

70 v I5 v 

I25'C 215' 400" 63O" 625" 650" 

32 6.93 

48 to.6 
64 (0.6 
w to.6 

10.43 25.36 43.98 17.76 18.79 
1.37 35.98 83.24 34.7 34.33 
3.83 100.0 100.0 100.0 100.0 

to.6 to.6 4.13 1.09 1.69 
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about 2.8 for 70 V and 3.9 for 15 V. Papazian et aI obtained a constant SO&SO 

ratio of about I. Since the ratio is constant, this implies that one species, the S02, 

is the precursor for the other, SO. The disagreement in the numerical values of the 

ratio is probably due to difference in the ionization efficiency of the individual mass 

spectrometers and to the experimental conditions such as temperature, pressure and so 

on. AIso, the ratio will vary if the mass detectors are saturated by large ion currents, 

as in the spectrum at 630cC, 70 eV, which corresponds to the point of maximum 

sulfate dissociation. For this situation, relative peak heights are meaningless since the 

detector output is no !onger proportional to the impinging ion current. This saturation 

effect is also responsible for the flattened SO, peak in Fig_ 2_ 

Ai2(S0,), - 18 ff2 0 

The gas evohxtion curves for this compound aie presented in Figs_ 3 and 4. 

Fig_ 3_ Mass spcctrometric evolved gas CLUV~ for Ai,(SCU3- lSH+O- (- ) Total pressure: 
(- - -) H,O; (------) O,- 

Fig_ 4. hkss spectromctric evolved gas curves for Alz(S04),- lSH1O- ( -) so3; (- - -) so=; 

(-.-.-) so. 
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Although large quantities of water were lost during the initial pump-down, 
rbese curves show that a substaut amount of water remained strongly attached and 
was Iost in the temperature region of 200 to 500°C. The dehydration is followed by 
the dissociation of AI,(SO,), between 700 and 9OG”C. As in the CuSO, decomposi- 
gion, the primary product appears to be SO, with SO,, SO, and O2 resnhing from 
dissociation or fragmentation_ These data agree with and support *the following 
mechanism which has been proposed previously by Johnson and Gailagherl: 

~ASO*), ~A120,+3so, 

so, t SO,++O, 

Intensity measurements of the m/e = 80 peak in selected spectra in the sulfate 
dissociation region yielded values ranging from 2.09 to 21.48. The Iower values are 
probably more realistic s&e the high valces were obtained during periods of detector 
saturation. However, in both cases the intensity was of sufficient amplitude to indicate 
&at the peak actualiy existed and was not due to background noise. Also, the Pt2 
peak was observed in some cases_ Previous investigations3 indicated that the SO3 
peak will always be relatively smali even when it is the parent product. The SO&50 
ratios were approximateIy the same for the Al,(SO,), spectra as for the CuSO, 

spectra 

Ahzife 
The gas evolution curves for alunite are presented in Fig_ 5. 

Es 5. Mass spatromctric cvolvul gas curves for ah~Gtc (- )SOz;(---)H20;(------)SO; 
I+-----) 02, 

Dissociation of the compound was initiated with the loss of water at 450°C. 
The remninin g anhydrous material decomposed between 750 and 1000°C with the 
evoIut.ion of SO1, SO and Oz. No SO3 was detected at any point in the dissociation 
process. Since several runs were made and no m/e = 80 peak appeared in any of the 
spectra, it seems unlikely that SO3 was reIeased as a major decomposition product_ 
The crystal structure of ahmite may influence the sulfate decomposition by making 
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other modes of dissociation more energetically favorabIe. No dissociation mechanism 
can be suggested from the data avaiIabIe. The primary evolution -product could be 
either SO, or SO. The SOJSO ratio had a smaller numerical value than for the other 
sulfates and was not a constant. This ratio had values ranging from 2.5 to 0.2. 

CONCLUSIONS 

Mass spectrometric analysis of the evolved gases indicates that the thermaI 
dissociation reactions for anhydrous CuSOs and AI,(SO,), are as follows: 

cuso, + cue -I- so, 
and 

AI,(SO& + Al,O, •i- 3 SO, 

These reactions are followed by the dissociation reactions 

so3 = soz+po, 

The SO3 peak was we11 resoIved during a11 runs for both compounds. 
The thermal dissociation of alunite was found to produce a different mixture 

of gaseous evolution products. No SO3 peak could be detected in any mass spectra of 
gases evolved from this compound. Since CuSO, and AlJSOJs demonstrated that 
SO, couid be detected when it was present in the system, it is urlIikeIy that SO, is a 
decomposition product of alunite. Also, the large increase in the amplitude of the 
rn!e = 48 peak, corresponding to SO, and the variabIe SOJSO ratio seem to indicate 
a dissociation process which is different from that of CuSO, and AI,(SO& . 

The thermal dissociation of the sulfate radical seems to occur through two or 
more different mechanisms. The parameters, which influence the mechanism preferred 
for a particuIar compound, have not been determined. However, it was established 
that one dissociation mechanism produces S03, SOz and SO whiie another produces 
only SO2 and SO. 
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