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Abstract

The main goal of the presented work was to verify the previously assumed decomposition stages o] e(@h,)3-4H,O (HACOT)
[Thermochim. Acta 354 (2000) 45] under different atmospheres (inert, oxidising and reducing). The gaseous products of the decompositior
were qualitatively and quantitatively analysed by mass spectrometry (MS) and Fourier-transformed infrared spectroscopy (FT-IR). It was
confirmed that the gaseous products of HACOT decomposition under studied atmospheres thep©vistagd 1) and Nkl CO, (stage I1).

The main gaseous products in the third stage in argon and hydrogen (20 A% WWere CO and C@ whereas in air (20 vol.% £Ar) only

CO, was identified. Under the oxidising as well as reducing atmospheres the influence of secondary reactions on the composition of both
solid and gaseous products was found particularly strong during the third stage of the process. The studies of the multistage decompositic
of HACOT, additionally complicated by many secondary reactions, required application of the hyphenated TA-MS or TA-FT-IR techniques
combined with the pulse thermal analysis PT#llowing quantification of the spectroscopic signals and investigation of gas—solid and gas—gas
reactions in situ.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Hexaaminecobalt(lll) oxalate tetrahydrate; Thermal decomposition; Hyphenated techniques in thermal analysis; Pulse thermal analysis; Mass
spectrometry

1. Introduction aminecomplexes only two of them are devoted to the thermal
decomposition of HACOT, i.e. a part of Hadrich’s disserta-
The present work is the second part of our studies to tion [5] and an article by Jeyaraj and HoUyé¢ The results
determine the course of thermal decomposition of hex- and conclusions published in these works are contradictory.
aaminecobalt(lll) oxalate tetrahydrate (HACJT). Due to Hadrich[5] investigated dissociation of HACOT in different
the multistage character of the decomposition and possibility gas atmospheres using TG, DTG, DTA and EGA (mass
of many secondary gas-solid and gas—gas reactions thespectrometry in vacuum) methods. He stated that the process
identification of the mechanism of its decomposition is very occurred in three stages and suggested that the compound
difficult. The proposed method of interpretation and quan- with the stoichiometric formula Cof©4-XNH3-yH,O
tification of the mass spectrometric results can be used as ar{wherex + y = 1) as an intermediate of the second stage of
illustration of the elaboration of multicomponent MS traces. decomposition. The following overall reaction for slightly
Among numerous publications (see a survey in Refs. separated the first and second stages was proposed:
[2-4]) relating to the thermal decomposition of cobalt

—_— [Co(NH3)g]5(C204)3 - 4H20(5) — 2(CoG04 - NH3)(s)
* Corresponding author. Tel.: +41 1 632 7836; fax: +41 1 632 1163.
E-mail addressmaciejewski@chem.ethz.ch (M. Maciejewski). +10NHg(g) + 2C0Oy(g) + 4H20(g) (1)

0040-6031/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Jeyaraj and Hougé] studied the thermal decomposition of A combination of (10) and secondary reaction (11) cannot
HACOT in a dynamic nitrogen atmosphere using TG-DTG also be excluded:

methods. To identify the solid products of dissociation they ex0

carried out the chemical and infrared analysis. Likewise C0Qs)+ COg) — Cors) + COx(q) (11
Hadrich, they consider the decomposition of HACOT OCCU'S |+ \was assumed that the substages of complex stage Il may
in three steps and sugg.est that the course of the reaction %6 expressed by means of the reactions (12)—(14):
expressed by Eqe2)-(4): Substage lla (air, argon):

3[Co(NHg)e]2(C204)3(s)

endo

— 3C0[CO(NH;)2(C204)2](S) + N2(g) + 28NHz(g)
+3H20(g) + 3CQg) + 3COx(g) (12)

[Co(NH3)g]2(C204)3 - 4H20s)
— [C0o(NH3)g],(C204)3(s) + 4H20(q) 2)

[Co(NH3)e]2(C204)3(s) — [CO2(NH3)2(NH2)4]C204(s)

+2H2C204(g) + 6NHz(g)  (3) and reaction (7)

Substage IIb (air, argon):
3Co[Co(NH)2(C204)7] s

endo

= 3C0[C0(G04)](s) + 6NHz(g) (13)

[Co2(NH3)2(NH2)4]C204(s) = 2C0Qs)
+2CQyg) + 2NHz(g) + 2NzH4(q) (4)

The authors of the present work studied thermal decom-
position of HACOT in air and argon atmospheres under
non-isothermal, isothermal and quasi-isothermal-isobaric  On the basis of some literature data related to aminecom-
conditions [1]. Identification of intermediates and final plexes decomposition, e.[2,7] it has been assumed that the
products in solid phase was carried out using spectroscopyagent reducing Co(lll) to Co(ll) is ammonia. Taking into ac-
(Far-IR, IR, UV-vis), magnetic susceptibility and X-ray count that this conclusion was drawn from the analysis of
diffraction. The dissociation of HACOT was found to occur the solid products of the decomposition only this assumption
in three stages in both gas atmospheres and the followingcannot be proved explicitly. Also a hypothesis about oxalate
sequences of the reaction stages in non-isothermal andons as the reducing agent cannot be excluded as well. Then

isothermal conditions were proposgd:
Stage | (air, argon):

[Co(NHz3)]2(C204)3 - 4H20s)
P ICo(N H3)6]2(C204)3(s) + 4H20(g) ®)
Stage Il (air, argon):
3[Co(NHz)g] 2(C204)3s)
endo

—> 3C0[C0o(G04),] ks N2(g) + 34NHgz(g)
+3H20(g) + 3CQg) + 3COx(g) (6)

3CQyg) + %Oz(g)ﬂ; 3COy(g) (secondary reaction in air)
)
Stage Ill (air):

3Co[C0(GO4);](s) + 402(g) —> 2C0304(g) + 12 COy(g)

(8)
Stage Il (argon):
d
Co[Co(G04),] (s) ﬂ>02CQS) + 4COZ(Q) ()

d
Co[Co(G04),](s) = 2C0Qs) + 2COg) + 2COz(g)  (10)

Reactions (9) and (10) can proceed in parallel.

the overall reaction for the stage Il would proceed according
to Eq.(14):

[Co(NH3)6]2(C204)3(s)

endo

T Co[Co(G04);] ) + 12NHg(g) + 2COp(g) (14)

The verification of the assumed decomposition stages is
possible only on the basis of the investigation of gas products
composition.

It was stated in our former worKl] that the solid inter-
mediate after the second stage of decomposition of HACOT
was Co[Co(GO4)2] (see Eqs(6), (13) and (14)). A survey
of a literature concerning of cobalt oxalate dihydrate (COD)
decomposition published in R¢8] shows many controver-
sial opinions concerning the mechanism of this reaction. The
controversy over the solid products of COD decomposition
in particular gas atmospheres concerns especially the reac-
tion course in an inert atmosphere. In our studies of thermal
dissociation of COD using TA-MS—-PTA technique[8]
the composition of the solid and gaseous products as well
as heat of dehydration and decomposition of oxalate were
determined in inert, oxidising and hydrogen-containing
atmospheres. Contrary to the previous suggestions about the
mechanism of COD decomposition, it was stated the solid
product formed during decomposition in helium contained
not only metallic Cg,etbut also a substantial amount of CoO
(ca. 13 mol.%). Moreover, the composition of the primary
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solid and gaseous products changesin all atmospheres as a rdhe composition of the substrate was confirmed by elemental

sult of secondary gas—solid and gas—gas reactions, catalysednalysis and atomic absorption spectroscopy (AAS). The de-

by freshly formed Cget. The results presented[i8] clearly termined composition was Co: 18.21% found, 17.93% calc.;

indicate that an interpretation of a complex mechanism of H:6.97%found, 6.73%calc.; C: 11.95% found, 10.94% calc.;

decomposition of solids based only on the TG-DTG-DTA N: 24.13% found, 25.53% calc.

signals could be sometimes of little value. Mass change alone

does not allow for deeper insight into all of the potential pri-

mary and secondary reactions that could occur. The observed. Results

mass changes (TG) and thermal effects (DTA/DSC) are a su-

perposition of several phenomena and thus do not necessarily The TA and MS signals obtained during decomposition

reflect the solid substrate decomposition alone. Investigationof HACOT under different atmospheres are presented in

of the mechanism of decomposition requires the application figures as follows: in argon (Figs. 1, 2 and 6), in 20 vol.%

of different simultaneous techniques that allow the qualitative H,, balance argon (Figs. 3 and 7) and in 20vol.%, O

and guantitative determination of the gaseous products of thebalance argon (Figs. 4 and &igs. 5 and dllustrate the

decomposition. influence of different gas atmospheres on the course of the
The main goal of the presented work was to verify the thermal decomposition of the title compound in platinum

assumed decomposition stages by applying qualitative andand quartz crucibles, respectivefig. 10 shows how the

quantitative analysis of gaseous products by mass spectromtype of the crucible influences the dissociation of HACOT

etry (MS) and Fourier-transformed infrared spectroscopy in argon atmospher&igs. 11 and 12epict the influence of

(FT-IR). the crucible material on the CO conversion and behaviour of

NHjs in inert and oxidising atmosphere, respectively.

2. Experimental 3.1. TG-DTA

The simultaneous technique thermal analysis-mass The thermoanalytical results (thermogravimetry and
spectrometry—pulse thermal_analyms_(TA—MS—@)’A(vas differential thermal analysis) are summarisedTable 1.
used. Experiments were carried out with a Netzsch STA 409 The thermal decomposition of HACOT proceeds in three

simultaneous thermal analyser equipped with a gas pulsesiages, independently of the gas atmosphere. In the reducing
device that enables the injection of controlled amounts of

one or two different pure gases or gaseous mixtures into
the carrier gas stream. The thermal analyser was couplec
via a heated capillary with a Balzers QMG 420 quadrupole
mass spectrometer. The decompositions were carried ou
under inert (Ar), oxidising (20vol.% & balance Ar)
and reducing atmospheres (20vol.%, Hbalance Ar). An
exact flow of 50 mImin! was achieved using mass-flow
controllers (Brooks model 5850E). The TG curves for each
atmosphere were corrected to minimise the buoyancy effect
by subtracting the TG base line obtained with the empty
crucibles.

The injection of 1 ml pulses of CO, CGON2, H2 and NH;
(2 ml pulses) into the carrier gas stream enabled the quantifi-
cation of the mass spectrometric curves recorded during the
decomposition. Details of this procedure are givef®id0].

The thermal decomposition experiments were carried
out under non-isothermal conditions with heating rate
5K min~! between 25-500C. The sample mass was 72.4
+ 0.1 mg. Three different types of crucibles were used, i.e.
platinum (Pt), alumina (Alox) and quartz (Q) for the speci-
men and/or reference («-403).

Fourier transformed infrared spectroscopy (FT-IR) stud-
ies pf gaseous products of decomposition in helium were 160 ' 2(')0 ' 360 ' 4(')0
carried out with a Bruker Vector 22 FT-IR spectrometer con- temperature / °C
nected by a heated capillary with athermoanalyzer STA 449C
(Netzsch). The title compound [Co(Nb$]2(C204)3-4H20 Fig. 1. Decomposition of [Co(Nk)s]2(C204)3-4H20 in argon, platinum
(HACOT) was synthesised by the method describgd 1A. crucible.

intensity m/z = 15,18, 44 / a.u.
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Fig. 3. Decomposition of [Co(Nk)e]2(C204)3-4H20 in hydrogen
(20 vol.%, balance Ar), platinum crucible.
the formation of carbon, the solid product of CO dispropor-
tionation (Table 2, Eq. (25)) as it was proven previoy8ly

Discussing the phase ratio of the solid products
! Comer—Co0O formed in the primary reaction of HACOT de-
temperature / °C composition in an inert atmosphere it is necessary to take
Fig. 2. Decomposition of [Co(NHe]a(C20a)s-4Hs0 in argon, platinur into account the possible decomposition and redox reactions
crucible, additional MS signals. ’ (§eeTabIe 2, Eqs(?), (20), (11) and (12)). The composi-
tion of the residue may be altered not only by secondary
reactions with the carrier gas as happens with oxygen (oxi-
atmosphere the first and second stages are endothermic simdation of both solid products to G04) and hydrogen (reduc-
ilar as in inert and oxidising atmospheres. In the third stage, tion of CoO to Cg,ey. It may be changed by the gas—solid
both, endothermic and exothermic effects are observed. Thereaction with the decomposition gaseous products as well.
temperature range and mass losses for the stages | and Il wer&éhe CoO reacts with CO (the primary product of HACOT
closed to each other in all atmospheres while they dependdecomposition—Table 2, Eq. (6) and also, in lower extent,
significantly on the atmosphere during the third stage. The with H» or hydrocarbons formed during the decomposition.
solid final products of HACOT decomposition in argon and All these reaction were proved during decomposition of COD
air were identified earligil] as a mixture of Co + CoO (about  [8].

| 1 I |
100 200 300 400

50 mol.%) and CgOg4, respectively. It was also revealed Due to the rapid oxidation of the metallic cobalt formed
previously that the residue of CeO4-2H,0 decomposition  during HACOT decomposition in an inert atmosphere the
in the reducing atmosphere (20 vol.%)Rvas Conet[8]. The determination of the composition of the solid products can

formation of cobalt oxalate as the intermediate after the sec-be carried out only in sitimmediately after completing the
ond stage of HACOT decomposition was already suggesteddecomposition. This procedure is illustrated by the results
in [1].The mass loss observed in the reducing atmosphereshown in the inset oFig. 6. The reduction of the primary
(Table 1) is lower by ca. 1% than the stoichiometric value CoO was done by the injection of 1 ml pulses of hydrogen into
by the assumption that Gt is the one solid product. This  the carrier gas stream (Ar) just after the HACOT decompo-
difference is due to the CO disproportionation catalysed by sition was completed. Three hydrogen pulses were required
the metallic cobalt. The observed mass loss is influenced byfor the total reduction of the CoO present in the residue (mass
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307 decomposition, i.e. NEl and CQ, respectively (see
Figs. 1-10). However one ought to remember that the signal
m/z= 28 may originate not only from Cffragmentation

s (CO") but also from the presence of CO and bk it was
3 21 assumed in Eq$6) and (12). Only quantitative interpretation
s (PTA®-MS) of the MS curves, which is presented below,
5 can help in solving the mechanism of the second stage of
" HACOT decomposition. The temperatures of the maxima
E of all these signals are very close to the temperature of the
> DTA peak, i.e. ca. 236C.
° Figs. 5 and dllustrate the influence of the oxidising at-
_*“.53 mosphere on the second stage of the decomposition. On the
L 150 MS curvem/z= 18 the additional peaks at 257 and 3@5
04 are observed (Pt crucibl&jg. 5) and at 289C (quartz cru-

cible,Fig. 9). Also on the curven/z= 28 (Pt cruciblefFig. 5) a

L o of 11l stage of decomposition (180-38Q) in the oxidation
atmosphere Nklis oxidised to N, N2O and NO (Table 2,

1 - 100 N . .
< .20 - small additional peak, not observed during the decomposition
P > in the quartz crucible, is observed at 2% what suggests
€ 40 - 50 = oxidation NH; to N» catalysed by the platinum. Within the
%’ < range of temperatures characteristic for Il and the beginning
£

&
o
1

Egs. (17)—(19)) as itwas confirmed by the reference tests with

-80 g %0 pure NH; (seeFig. 12) in which pulses of Nkiwere injected
T - T T between RT and 75CC in different atmospheres over dif-
100 200 300 400 ferent empty crucibles. As it can be seen platinum catalyses
temperature / °C the process of Ngloxidation. Over Cgetammonia starts to

decompose at ca. 29C€ what is manifested by formation of
hydrogen (not shown).
The MS curves shown iRigs. 5, 9 and lihdicate that the

. atmosphere and material of crucible influence the course of
loss 1.025mg, sample mass of HACOT 72.4 mg). Beside the o hirg stage very strongly. In oxidising atmosphere there

main phase, Gget, the solid residue contains 32.2 wt.% of is a very clear increase in intensity of the signalz= 44
CoO, which is equivalent to 27.2mol%. The mass loss due i, poth “the Pt (Fig. 5, temperature 307) as well as the
. 0 . 1 i ? . 1 X 5
e L L i S aed uar crucibles (7.9, emperaur 289 ncomparson
P ' 70 toargon atmosphere. Itis connected with oxidising of primary

sults in 81.1%—exactly the same as that recorded during o 1o c. In reducing atmosphere additional maxima on the
HACOT decomposition in blatmosphere when Ggiisthe o\, eqm/z= 18 and 15 are observed at ca. 3T(Pt crucible
only product. —Fig. 5)and 334C, 364 and 376C (quartz cruciblefig. 9).
These temperatures are similar to the temperatures of peaks
3.2. Gaseous products—qualitative mass spectrometric on the curvesn/z= 28 and 44 (evolution of CO and GO
analysis during HACOT decomposition) what confirms suggestion of
the formation of methane and water in secondary reactions
In the temperature range of the first stage of the decompo-of CO and CQ with Hy (Table 2, Egs. (26), (28) and (29)).
sition, independent of the atmosphere, only water éi8; Within this range of temperature also a secondary reduction
17)was detected (Figs. 1-8). The temperatures of the maximaof CoO with H, takes place (Table 2, Eq. (7)) resulting in
of MS spectra were similar, ca. 18C (Figs. 1, 3and 4). The  formation of O as it was stated earli].
absence of other MS signals confirms that only dehydration  The influence of the type of a crucible on the course of the
equation (5) occurs during the first stage of the HACOT de- 1l stage of HACOT decomposition is presentedFig. 10.
composition. However before the dehydration is completed At a temperature > 300C the intensities of the MS curves
the intensity of MS signals/z= 15 and 44 starts to increase for m/z= 2, 28 and 44 registered during the decomposition in
what points out the beginning of the second stage of the de-the quartz crucible differs significantly from those taken in
composition. Pt and alox crucibles. The reactions between the solid phase
In the second stage of the HACOT decomposition and a self-generating gas phases and gas—gas phase reactions
independently of the crucible type and the gas atmosphere,are favoured by the thicker layer of decomposed solid what
the MS signals withn/z= 15, 16, 17, 28 and 44 are observed. is a case in Pt and alox crucibles (Seble 2, Egs. (5), (8),
They result from the primary gaseous products of HACOT (9), (11), (14) and (21)).

Fig. 4. Decomposition of [Co(Nk)e]2(C204)3-4H20 in oxygen (20 vol.%,
balance Ar), platinum crucible.
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Fig. 5. Mass spectrometric signals recorded during decomposition of [CHENIIC204)3-4H,0 in platinum crucible in argon, 20 vol.%z1ibalance Ar and
20vol.% &, balance Ar.

Table 1

TG and DTA results of the decomposition of [Co(blis]2(C204)3-4H20 in different gas atmospheres and different crucibles(m2.4 mg; heating rate
5°Cmin~1)

No. Atmosphere (crucible) Stage Temperature rand¥)) DTAp Mass loss (%) Residue

Observed Theoretical

1 Argon (platinum) | 93-196 18%endo 11.2 10.9 [Co(NH3)6]2(C204)3
lla 196-285 22%ndo 52.1 52.8 CoG04-1/2NHg
IIb 285-330 28%ndo
303x0 55.3 55.3 CoG04
I 330-450 336Gendo
39%%:ndo 80.0 79.6 Co + CoO
2 Argon (quartz) | 88-177 10.9 10.9 [Co(NH3)6]2(C204)3
Il 177-291 53.9 55.3 CoG04
1} 291-420 79.7 79.6 Co + CoO
3 20vol.% Q, balance Ar (platinum) | 97-198 181endo 11.7 10.9 [Co(NH3)6]2(C204)3
Il 198-276 230:ndo 51.6 52.8 C0G04-1/2NHg
I 276-348 3150 74.4 75.6 Co304
4 20vol.% Q, balance Ar (quartz) | 76-178 10.9 10.9 [Co(NH3)6]2(C204)3
Il 178-278 53.8 55.3 CoG04
I 278-330 74.6 75.6 C0304
5 20vol.% H, balance Ar (platinum) | 85-196 17%ndo 11.4 10.9 [Co(NH3s)6]2(C204)3
Ila 196-279 228&ndo 51.8 52.8 C0G04-1/2NHg
IIb 279-329 28Z%ndo 55.1 55.3 CoG04
303x0
1} 329-450 33%ndo
351exo
403:ndo 80.9 82.1 Co
6 20vol.% H, balance Ar (quartz) | 70-182 11.3 10.9 [Co(NH3)6]2(C204)3
Il 182-298 54.1 55.3 CoG04

I} 298-409 81.1 82.1 Co
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Table 2

The values of the Gibbs energyG and the heat of the reactiakH at 600 K for reactions which may possibly occur during HACOT decomposition (in kJ)

No. Reaction AG AH References
1. CoG04 — Co +2CO —67.4 2.4-984 [12-14]
2. CoG04 — CoO+CO +CQ —28.4 8.4-147.4 [12-15]
3. CoG04 +2/30, — 1/3Cx04 + 2CO, —2935 204.5-270.6 [12-15]
4. CoG04 + 4/3NH; — Co + 2CO + 2/3N + 2H,0 -55.4 178.7-244.7 [12-15]
5. CoG04 + 2NH3 — Co + 1/2N + 3/2H, + 2COy —-83.3 —19.0-47.0 [12-15]
6. Co0O+CO —=Co+CGO -39.0 —49.0 [16]
7. C00 + H, — Co + H,0 —225 —-10.2 [16]
8. Co0 + 2NH; — Co + H,O + 2H, + N> —54.1 @7 [16]
9. CoO + NHy — Co + HbO + 12N, + 1/2H, -38.3 4.2 [16]

10. CoO +1/6Q — 1/3Cqx0q4 -68.4 —345 [16]

11. Co+1/2Q — CoO —191.6 —234.6 [16]

12. Co + 2/3Q — 1/3Cg04 —226.1 —303.0 [16]

13. NH3 + CO — C + 1/2N, + H20 + 1/2H, —65.4 —83.2 [16]

14. NH3 + CO — HCONH, —193.6 -7.3 [17]

15. 2NH;3 + CO; — (NH2),CO —207.6 25 [17]

16. 2NH3 + CO; — Ny + C + 2H,0 + H; —64.7 71 [16]

17. NH3 + 3/40, — 1/2N, + 3/2H,0 —-333.4 -315.8 [16]

18. NHz + Oy — 1/2N;0 + 3H,0 —273.8 —275.F [16]

19. NH3 + 5/40, — NO + 3/2H,0 —249.3 —225.4 [16]

20. NH3 + 7/40, — NO, + 3/2H,0 —269.8 —283.8 [16]

21. NH3 + 20, - HNO3 + H,O —256.1 —330.72 [16]

22. 2NHz — N3 + 3H, —9.5 99.8 [16]

23. CO + H0 — COz + Hy —16.6 —38.9 [16]

24. CO+H—» H,O+C —49.6 —134.6 [16]

25. 2CO—»CO; +C —66.1 —-173.4 [16]

26. CQO, +3H; — C+2H,0 -33.0 —95.7 [16]

27. C +2H, — CHy —22.9 —-83.3 [16]

28. CO + 3H, — CHg + H2O -725 —218.0 [16]

29. CO, + 4H; — CHg + 2H,0 —55.9 —179.0 [16]

30. C+1/2 —» CO —164.5 —110.2 [16]

31. 2CQ; + 7THy — CoHg + 4H,0 -41.0 —288.8 [16]

32. 2CO + 51 — CyHg + 2H,0 —-74.1 —366.5 [16]

33. CO+1/2Q —- CO, —230.6 —283.6 [16]
8 T=500K.

The results of qualitative MS analysis presented above do3.4. Determination of gaseous products by FT-IR
not allow verifying univocally the assumed sequences of HA-
COT decomposition. It is still ambiguous whether &hd/or Gaseous products evolved during the thermal decompo-
CO evolve as primary products in second stage because alkition of HACOT in helium detected by FT-IR are listed
three gases, i.e. CGON> and CO can contribute to the in- in Table 3. Evolved gas profiles compared with references
tensity of MS signaim/z= 28. To elucidate this problem the [18-23]show clearly that N and CQ are evolved in the
investigation of the composition of the gas phase by the FT- second stage of HACOT decomposition (173—-232while
IR method as well as quantitative determination of the gas CO and CQ in the third stage (277-3I4L). In the first stage

products by the PTR-MS method were carried out. only H2O is liberated. As it can be seen the results are in
agreement with those obtained by the MS method and prove
3.3. Thermodynamics the main primary gas products are®i(stage 1), NH (end
of the first stage, the second stage),.G8age I/ll and stage
The calculated values of the Gibbs energyS, and en-  |j1) and CO (only stage I11). The results support the assumed

thalpy of the reactionAH (using the literature data of the  sequences of decomposition, i.e. E@, (9), (10), (14)and
Gibbs energy and enthalpy of formatigh?—17] are listed exclude Eqs(6) and (12).

in Table 2. The thermodynamic data presentedable 2

of possible primary and secondary reactions indicate that3 5. Quantitative analysis of gaseous products by

some of these reactions under equilibrium conditions may pylseT®-MS

take place within the temperature range of HACOT decom-

position. However, some of these reactions can be hindered3.5.1. Water

for kinetic reasons. Therefore theoretical possibility of their ~ The shape of then/z= 18 signal and the continuous shift
occurrences has to be confirmed experimentally, what is diffi- of the TG curve (Figs. 1, 3—10) indicate that, independently of
cult without quantification of the mass spectrometric signals. the atmosphere and the crucible type, evolution of the crys-
This was done by Pulse fAtechnique9]. tallised water is not completed before the beginning of the
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Table 3

Gaseous products evolved during decomposition of [CaJA(C204)3-4H,0O determined by FT-IR

Temperature rangéC) Stage Wave number (cmt) Assignments References

100-190 | 4000-3750 H,O
3750-3500 HO [18,19]
1900-1590 HO [18,19,22]
1550-1280 HO

170-280 1n 3750-3700 cO [21]
3750-3600 HO [18,19,23]
3650-3150 NH, CO,, H,O [18-21,23]
2400-2250 CcQ [18,21-23]
1800-1350 NH [18-20,22]
1600-1500 HO [23]
1250-720 NH, CO, [18-21]

285-320 1l 3750-3550 C9H>O [18,21]
2400-2250 CoQ [18,21,22]
2250-2100 CcO [18,21-23]
1630-1590 HO [18-20]

second stage of HACOT decomposition. To determine the and the crucible type the determined mass loss caused by

total amount of crystallised water the signals of TG amd
= 18 were compared. The results presentedahle 4in-

intensity m/z = 15,18, 44 / a.u.

mass change / %
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o
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Fig. 6. Decomposition of [Co(Nk)e]2(C204)3-4H20 in argon, quartz cru-

cible.

the water evolving is equal to ca. 11 wt.% what is equiva-
lent to 4 mol BO per molHACOT and agrees well with the
dicate that independently of the kind of the gas atmospherecomposition of the title compound. The results confirm the

intensity m/z = 15,18, 44 / a.u.
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Fig. 7. Decomposition of [Co(Nk)e]2(C204)3-4H20O in hydrogen

(20 vo0l.%, balance Ar), quartz crucible.
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or CO (the primary gaseous product of HACOT decompo-
sition) with Hy catalysed by freshly formed G (Table 2,
Egs. (28), (29), (31) and (32)). The experimental proof of
the CH;, formation in H and/or Ar (in smaller extent) atmo-
sphere during decomposition of cobalt oxalate (third stage
oh HACOT decomposition) was given [8].

3.5.2. Ammonia
The quantitative data for Nglisted in Table 5obtained
by the quantification of the signal/z= 15 show that the to-
tal amount of NH liberated during HACOT decomposition
is in the range of 9.5—-10 mol N¢per mol reactant (79-83%
stoichiometric content of Ng). The influence of the crucible
type in an inert atmosphere of the amount of detected ammao-
nia (Table 5) is small. The apparently higher amount ogNH
measured in the reducing atmosphere (Figs. 3, 5, 7 and 9) is
caused by contribution of CHto the intensity ofm/z= 15
signal. Methane is the product of the secondary reactions (see
Table 2, Egs. (28) and (29)) in Ill stage of HACOT decom-
. position.
-40 4 The determined amount of evolving NHs in good
53.8 agreement with the data published by Sa[&4] for
[Co(NH3)g]2(SOy)3-5H20 decomposition in Ar atmosphere
(82% of stoichiometric amount of NdHwas determined i.e.
9.8 mol NH; per mol compound). Moreover Saito considers
that in the air missing ca. 2 mol NHwere oxidised. We
: : tested experimentally the possibility of NHlissociation
200 300 under the conditions of HACOT decomposition and stated
temperature / °C the dissociation did not occur over empty crucibles (see
Fig. 12). The experiments with the decomposition of
Fig. 8. Decomposition of [Co(NE)s]2(C204)s-4H20 in oxygen (20 vol.%, ammonia over metallic cobalt (not shown) indicate that the
balance Ar), quartz crucible. reaction starts at ca. 29C.

Our results presented iig. 12show that NH is oxidised
dehydration is the only reaction occurring during the first in the atmosphere 20 vol.%,0Above 200 (Pt crucible) and
step of HACOT decomposition (E¢2)) independently of ~ 270°C (alox crucible) a clear oxidation of Nf+to N, and
the experimental conditions. to N,O (decrease in the signal/z= 15) occurs. At slightly

In all atmospheres, independently of the type of cru- higher temperatures NHs oxidised also to NO (m&30). It
cible, some small amount of the water is clearly detectable js clearly seen that oxidation of NHb catalysed by platinum.
in the gaseous products of the Il and Ill stages. The leastAt the temperatures mentioned above the sign& = 18
of the water (about 0.2—-0.3 mob® per mole HACOT) was  originated from HO (H,O is the product of N oxidation,
registered in the inert atmosphere, more in the oxidising seeTable 2, Egs. (17)—(20) was also registered). The course
(0.5-1.7 mol HO per mol HACOT) and the most in the re-  of the signalsm/z= 15, 30, 44 registered during passing of
ducing atmosphere (2.4-2.9 moj@ per mol HACOT, third ~ NH3 pulses over an empty Pt crucible shows that ammonia
stage). In the oxidising atmosphere most of the water was reg-is not oxidised in Ar. All these results (decomposition of
istered during the HACOT decomposition in the Pt crucible ammonia over Co met, oxidation by oxygen and possibility
what suggests their formation during Nbiidation (Table 2, of the secondary reactions as, e.g. 8T&le 2) explain the
Egs. (17)-(21)Figs. 4, 5 and 9) catalysed by Pt. The water fact that the amount of the detected ammonia is smaller than
was also formed due to secondary reaction of the formation results from the stoichiometry of the title compound.
of hydrocarbons as, e.g. methane in the reactions of CO

intensity m/z = 15,18, 44/ a.u.

1

mass change / %
&
(]
1

746

&
S
1

[
100

3.5.3. CQand CO

Table 4 Quantification of the signah/z= 44 registered in the inert
The amount of crystallised water (wt.%) determined by TG-MS atmosphere shows that 5.2-5.5 molgﬁr mol Compound
Crucible (atm) Ar 20vol.% @ 20vol.% H is evolved within the whole range of HACOT decompo-
Alox 11.1 11.1 11.0 sition temperatures: ca. 1.8-2.0mol£8 formed during
Quartz 11.0 11.0 10.9 Il stage and ca. 3.5mol during Ill stage (Table 6). Quan-

Pt 10.9 10.9 11.0 tification of the signaim/z= 28 corrected by contribution
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Table 5
The amount of the evolved Ny-talculated by quantification of the sigmalz= 15 (mol NH; per mol HACOT)
Crucible Argon Oxygen Hydrogen
Temperature mol evolved gas/mol Temperature mol evolved gas/mol complex Temperature mol evolved gas/mol
range complex range range complex
Pt 161-346 9.9 177-335 9.3 167-393 12.8
161-275 9.1 177-280 9.0 167-329 8.4
275-346 0.8 280-335 0.3 340-393 3.8
Quartz 160-370 9.8 159-303 10.1 165-402 158
155-278 10.0 165-306 7.9
278-303 0.1 306-352 6.2
352-402 15
Alox 165-352 9.5
165-273 9.2
273-352 0.3

a Calculated on the assumption that the signal comes only from(NH™*).
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Fig. 9. Mass spectrometric signals recorded during decomposition of [GHENKIC204)3-4H,0 in thin layer in quartz crucible in argon, 20 vol.% Hbalance
Ar and 20vol.% Q, balance Ar.

Table 6
The amount of the evolved GQalculated by quantification of the sigmalz= 44 (mol CQ per mole HACOT)
Crucible Argon Oxygen Hydrogen
Temperature mol evolved gas/mol Temperature mol evolved gas/mol Temperature mol evolved gas/mol
range complex range complex range complex
Pt 165-454 5.2 177-348 5.7 174-429 4.0
165-310 1.8 177-278 1.8 174-282 18
310-454 34 278-348 3.9 291-429 2.2
Quartz 150-416 55 172-307 5.0 163-395 33
150-259 2.0 172-257 1.6 163-259 1.7
278-416 35 273-307 34 283-350 13
350-395 0.3
Alox 180-447 55
180-277 1.9
310-358 0.4

358-447 3.2
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Table 7
The amount of the evolved mole CO per mol HACOT calculated by quantification of the sigraP8 with subtracting the intensity of the G@agmentation
(COY)
Crucible Argon Oxygen Hydrogen
Temperature mol evolved gas/mol Temperature mol evolved gas/mol Temperature mol evolved gas/mol
range complex range complex range complex
Pt 191-454 0.9 180-348 0.2 177-262 6
191-270 (5] 180-278 0
274-361 0.1 278-348 0.2
361-454 0.8
Quartz 176-416 1.0 171-313 0.1 176-393 1.4
176-244 (5] 171-240 6 176-244 5}
263-416 1.0 270-313 0.1 275-349 1.0
349-393 04
Alox 140-454 0.8
140-268 (5]
310-358 0.2
358-454 0.6

a Only from the CQ fragmentation.

b Calculated on the assumption that it originates only from* ®0t within this range of temperature the signal comes probably also from the secondary

reactions products, e.gx8y*.
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Fig. 10. Mass spectrometric signals recorded during decomposition of
[Co(NHs)6]2(C204)3-4H20 in argon in different crucibles: alox (A), plat-
inum (Pt) and quartz (Q).

of the intensity of CQ@ fragmentation allowed to estimate
the amount of CO released (Table 7). It was found that ca.
1 mol CO per mole HACOT was formed in Ar atmosphere in
the third stage of decomposition. In the second stage CO
was not detected what excludes one of the assumed se-
quences of the decomposition (E¢6) and (12)). Instead,
the data obtained for the third stage confirm the sequences
of decomposition assumed for this stage, i.e. E§§.and
(10). The absence of CO during the second stage of the de-
composition was confirmed also by TA-FT-IR experiments
(not shown).

In the oxidising atmosphere (Pt crucible) the total amount
of CO, detected in third stage increases from 5.2 to 5.7 mol
(Table 6) and the amount of CO decreases from 0.9 to
0.4 mol (Table 7) due to the oxidation (Table 2, Eq. (33)).

100
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(5]
Q
O 20 A
M SRl
0+ L S L 4 > —6—— ¢
T T T T T T
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temperature / °C

Fig. 11. CO conversion in oxygen and argon measured over empty platinum
crucible in argon and over empty platinum and alox crucibles in 20 vok% O
balance Ar. The dotted lines indicate the temperature range of CO evolution
during the third stage of [Co(N)s]2(C204)3-4H2,0 decomposition.
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This observation is in full agreement with the reference tests  The quantitative PTR—MS studies of HACOT decompo-
presented irFig. 11 showing that at 450C ca. 78% CO  sijtion gas products in Ar corroborate that in the | stage and
reacts to CQ. During HACOT decomposition in the quartz  at the beginning of Il stage the whole amount of crystallised
crucible and oxidising atmosphere only 8% CO released of water is liberated, i.e. 4 mol#D/mole HACOT what addi-
the registered in the inert atmosphere (Table 7). tionally proves Eq(2) and/or Eq.(5). Also the amount of
In order to investigate additionally the possibility of CO  CO liberated in Ill stage (<1 mol per mole HACOT) as well
disproportionation in oxygen and argon under HACOT de- as the amount of C&ca. 3.5 mol per mole HACOT) confirm
composition conditions pulses of CO were injected over the assumed sequences (9) and (10). The amount HEO
empty platinum crucible in Ar and over empty Pt and aloX termined in Il stage equal to 1.8-2.0 mol per mole HACOT
crucibles in 20vol.% Q. The results presented Fig. 11 supports the assumed sequence (14). Some small differences
show that in the temperature range characteristic for the thirdijn the amounts of the above-mentioned products detected dur-
stage of HACOT decomposition the disproportionation of jng the HACOT decomposition in different crucibles result
(6{0) (Table 2, Eq. (25)) occurs only ina very small extent from numerous Secondary reactions.
(<0.5% CO) over the empty Pt crucible in Ar. However pre-  The determined total amount of NH liberated
viously[8] it was revealed that the disproportionation clearly during HACOT decomposition in Ar is equal to
runs above 250C over Coner, Which catalyses this reaction.  9.5-9.9 mol NH per molHACOT. The title compound
So, because in Ill stage of HACOT decompositionyeds contains 12 mol NH thus the lack of ca. 2 mol Ngdmust
formed, the Boudouard’s reaction may also be expected. Inresylt from some secondary reactions in which 3Nid
the oxidising atmosphere conversion of CO intof3@curs  consumed occurring over 28C (see mass loss stage II,
in significant extent and at 34& amounts to ca. 61% CO  Table 1). They are: (i) CoO reduction by NKTable 2, Egs.
over Pt crucible or 29% CO over alox crucible. These re- (8) and (9)) in which H and KO are produced and (i) N&
sults are in good agreement with the data listedable 7 dissociation over Gget.
where the estimated quantity of CO evolved during HACOT  uUnder the oxidising as well as reducing atmospheres the
decomposition in oxidising atmosphere in Pt crucible is ca. influence of secondary reactions on the composition of both,
4.5 times lower than in Ar atmosphere. solid and gaseous products is more distinct and appears
In the reducing atmosphere the clearly less amount (of particularly strongly during the 1Il stage. In the oxidising
1.2-2 mol) of CQ was detected than in argon (Table 6). This atmosphere G4, the solid product of decomposition,
observation confirms the secondary reactions between then fact is formed in a secondary reaction by oxidising the
primary CQ and H resulting in hydrocarbons formation, primary product i.e. the mixture of Co + CoO. Very low
mainly CHy, (Table 2, Egs. (29) and (31)) revealed eafi@dr (0.1-0.2 mol per mole HACOT) CO content together with
a high CQ (5.1-5.7mol) concentration and results of
test studies of CO behaviour in the oxidising atmosphere
4. Discussion (Fig. 11) confirm the summary equation (8) proposed for
description of the third stage. In E@l4) describing the
The TA-MS investigations of the gaseous products con- stoichiometry of the second stage the coefficient ofsNH
firmed that among the products of HACOT decomposition equal to 12 ought to be replaced by (32 n) wheren
in Ar atmosphere there are;B (1 stage), NH, CO,, maybe  represents part of Ndtonsumed in the secondary reactions.
CO and the rest of crystallisation water (Il stage), Cd In the oxidising atmosphere one can find the products of NH
probably CO (lll stage). Without quantification of MS signals  oxidation namely M (maximum of oxidation at 250C),
itwas difficult to conclude whether or not in the second stage N,O (maximum of oxidation at 285C) and NO (maximum
of decomposition CO and\evolve therefore corroboration  of oxidation at 530C), seeFig. 12. The lack of water
or exclusion of Eqs(6), (12) and (14)vas impossible. This  among the gas products of the decomposition in reducing
was due to the fact the signaid/z= 28 may originate from atmosphere (Figs. 3 and 7) within the range 250820
both, No* ions and CO, formed from CO and/or CPand  suggests that $0 which is liberated within this range of
the signaim/z= 14 from N" can be due to the fragmentation temperature in 20vol.% £O(Fig. 4) is produced by N
of NHz and/or N. Them/z= 12 cannot be used for proving  oxidation.
CO evolution in this stage due to the presence o G@v- In the reducing atmosphere the only identified solid prod-
ing cracking patternm/z= 12 with relative intensity of ca.  uyctis Cgpet. In fact this is a secondary product resulting from
10. However the investigation of the composition of the gas reducing the primary product (mixture of Ggand CoO) by
products by FT-IR shown undoubtedly that CO is not evolved hydrogen. Because of that the sequence of EB)sand (15)
in the second stage. It makes possible to exclude the sequencgesulting in overall Eq(16) describe the third stage of HA-
(6) (I stage) and Eq12) (substage lla). So the sequence (14) COT decomposition:
(simultaneous evolving of Nfland CQ) seems to describe
the whole second stage. Simultaneous liberation of CO andCo[CO(G:04),] + 2Hp =5 2Canet+ 2C0; + 2CO+ 2H,0
CO, was found in the 1l stage what confirms the reality of (15)
the assumed sequences (9) and (10).
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Fig. 12. Mass spectrometric signals recorded during injection of 2 mldWdr empty platinum crucible in argon and over empty platinum and alox crucibles in
20vol.% G, balance Ar. The dotted lines indicate the temperature range g&Mblution during the second stage of [Co(B)k] 2(C204)3-4H,0 decomposition.

Co[C0(G:04),] + Ha & 2Camet+ 3CO, + CO + H,0 results of thermogravimetry and diffe.rential thermal ana!ysis
only often leads to erroneous deductions. Even the studies by

(16) TG-DTA-MS methods may be insufficient for determining
) _ ~ thecourse of multistage decomposition when the gaseous and
The main gaseous products of Ill stage in the reducing solid products can react in the secondary reactions. In such a
atmosphere are GOCO and HO, however their amounts  ¢ase the investigation needs application of the simultaneous
1.6-2.2, ca.1.5 and 2.4-2.9 mol g@er molHACOT differ  {echniques such as TA-MS or TA-FT-IR combined with the
from those expressed by the stoichiometry of the reaction method allowing quantification of spectroscopic signals such
(15). This finding confirms the occurrence of the secondary 55 pulse thermal analysis (PTAwhich additionally allows

reactions (24, 26-29, 31, 3Zable 2) during the decompo-  jnyestigation of gas—solid and gas—gas reactions in situ.
sition in the reducing atmosphere resulting in formation of

H»0, and hydrocarbons (mainly GH
To sum up the above we propose that tree main consecutive
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