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Thermogravimetry in self-generated atmospheres consists of decomposing a 
solid sample in a crucible that has a small vapor volume with a small opening to 
the atmosphere_ As a consequence, except for the air initially present, decomposition 
occurs in an atmosphere of the gaseous decomposition products. hence, a self- 
generated atmosphere_ The technique, as described by Garn and Kessler and by 
Forkel in 1560, appears to have been used only occasionally. perhaps because special 
crucibles are necessary_ This paper reviews the literature. outlines the advantages 
and limitations of the method. describes several new crucibles which are light and 
easy to make. and compares results obtained with them in the study of lead(Ii) oxide. 
lead(II) carbonate. and manganese(I1) acetate tetrahydrate. 

A. THE FIRST CRUCIBLES FOR SELF-GEXXATED AiMOSPHERESTUDIES AXD THEIR PRECURSORS 

The important effect of the atmosphere on thermogravimetric results has long 
been recognized’, but it was not until 1960 that Garn and Kessler’ in this country 
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and Forked” in German>- described crucibles that permitted an appropriate atmo- 

sphere to be applied to any reaction. Their crucibks were different in principle. see 

Fig 1. Gam and Kessler used a piston and @inder in which the clearance between 

the two provided a Ions diffusion path and efi‘ectively prevented contamination from 
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Fie_ I- First srucibla fcr thrrmo_rravimctr)- in SC!<-gcncratcd atmospheres_ 

the atmosphere_ The Forked crucible had a lid containing a ball valve to insure separa- 

tion of the sample atmosphere and the atmospher e in the furnace. In both designs 

the _eas sewrated b_\- a small amount of decomposition displaced the air ori$nali_v 

present in the crucible and a major fraction of the decomposition subsequently occur- 

red at a pressure of one atmosphere of the gas evolved. The effect of using these 

crucibles to decompose Iead carbonate is shown in Fig. 2. Forkel used a differential 

thermobakmcc. The curve of Garn and Kessler has been redrawn in derivative form 
for ease of comparison_ The thermograms. when compared to that obtained from 

I,,.v / 

I . . 

; FORKEL 

- 

, : 

; GARN 8 KESSLER 
I 

i 

1 
r& 

1 

200 3io 400 
TEMPERATURE PC) 

Fig. 2. Thermograms for Icxi carbonate (redrawn for comparison). 
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lead carbonate decomposed in an open crucible. show a shift to higher temperatures 
for the reaction stases. and a clearer indication of the intermediate compounds formed 
in the decomposition. The results in the two crucibles were not quite the same as will 
be discussed later_ 

The development of crucibles for self-generated atmosphere experiments was 
foreshadowed by earlier thermal analysis studies, and four of these are of particular 
interest_ In 1937-1938 Vallet and Bassiere3-5 reported a thermogavimetric study 
of the &hydration of zinc sulphate heptah>-drate. &SO,- 7H20. in contro:ied atmo- 
spheres and in shallow dishes and deep crucibles. see Fig. 3. They recognized the 

VALLET 8 BASSIERE JOUIN 
1937-38 1947 

KISSINGER et al. 
1956 

Fig. 1. Prccr&m to crucibles for seif-generated atmosphere experiments. 

influence of the deep crucible in providing a partial self-generated atmosphere above 
the sample and observ-ed a disadvantage when they found that fusion of the sample 
occurred and produced a pseudo-plateau between the monohydrate and the anhydrous 
salt. An interesting result was obtained with large single crystals_ When these were 
rough&- equi-dimensional and did not shatter on heating they yieided a short plateau 
at the composition zinc sulphate tetrahydrate. but when they were long and thin or 
shattered. a plateau was not obtained at the tetrahydrate level. ihis might be con- 
sidered a special case of a self-generated atmosphere in which the crystal acted as 
its own crucible. 

The quartz micro-retort of Jouin’ (Fig. 3) came much closer to providing a 
good self-generated atmosphere than did the deep crucible_ In a study of lignite, the 
sases evolved on heating a 20%mg sample in the closed end formed a protective 
layer up to the peak of the retort and prevented combustion_ Thermograms were 
obtained up to I@00 ‘C and were reproducible. The volatile content of the residue, 
18% at 525’C, was the same as that of a semi-coke prepared on a much larger scale 
in an industrial furnace at the same temperature_ Jouin also determined the tempera- 
ture of spontaneous combustion of carbonaceous materials by observing the tempe- 
rature at which a thermogram of a sample heated in air in an ordinary crucib!e first 
deviated from the thermosram of a sampie heated in the micro-retort_ Typical values 

Tl~ennoclxhin~. Acra, Z (1971) l-23 
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were: Iignite, 3OO’C; wood charcoal, 400’; and anthracite, 55O’C. Jouin‘s micro- 

retort seems not to have been used by later investigators, despite its simplicity and 

apparent utiIit>-_ 
During the decade folIowing Jouin there was increasing concern among 

experimenters about the large differences between results obtained by thermogravi- 

metric analysis and those obtained by dilXerentia1 thermal anaIysis_ The importance 

of the self-generated atmosphere was recognized particuIarIy by Kissinger’ who 

realized that conditions common for differential thermal analysis. tall narrow tubes 

closed at one end and IargeIy btocked at the other by the thermocouple. resuhed in 
solid-gas decompositions occurring essentially at a pressure of one atmosphere of 

the ,oas evoIved_ He studied the decomposition of iron carbonate and manganese- 

(II) carbonate by DTA and TGA in deep crucibIes of the same size for both mea- 
surcnents (Fig_ 3) and obtained concordant results. Fruchart and MicheI’ also 

recognized the importance of the self-generated atmosphere and were able to obtain 

good concordance between DTA and TGA for magnesium suiphate heptahydrate 
by performing the TGA in ti cup described only as having a Iarge base, but a small 

opening. 

These are only a few exampIes that illustrate the increasing recognition of the 

effect of the self-generated atmosphere in thermogravimetry. but it was not until the 

work of Gam and Kessler and of Forkei in 1960 that the concept was carried to the 
practica1 end of providin, u a crucible that wouid insure sample decomposition in a 

self-generated atmosphere_ The use of a self-generated atmosphere with other thermal 

methods appears to be very recent. For evolved gas analysis see Forrester’, and for 

difkrential thermal analysis see Barrall, II and Rogers’ ‘_ 

B. CHARACIERISTICS OF COXSECUTI\T. RFACTIOSS 

Since the usual purpose of using a crucible that emphasizes the effects of a 

self-generated atmosphere is to obtain a better separation of consecutive reactions 

and a more exact identification of the intermediate phases, it is desirable to examine 

the characteristics of consecutive reactions so as to determine the nature of the factors 

influencing the separation- Consecutive reactions may be represented by the general 
equations: 

A(s) + B(s) t gas 

B(s) =L= C(s) t gas, etc. 

In these reactions, the best separation is one in which the final temperature of the 
first reaction, (rl), , is lower than the initial temperature of the second reaction, 

(TJB_ giving rise to a plateau between them_ It will also be useful to have a small 

reaction intervaI( Tr - Ti), for each stage. Consecutive reactions may yield the same 

or a different gaseous product at each stage, may yield several gaseous products from 

sequential or paraIIe1 reactions at each stage, and may be reversibIe or irreversible. 

The thermogravimetry of consecutive reactions has been discussed by Simons and 
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Newkirk’ I and by Pannetier er al. I ‘-I 3. The effect of the gaseous atmosphere has 
been discussed by Garrt I’_ The important factors and the resultant desirable experi- 
mental conditions are summarized in Table I as they apply to reversible reactions_ 

TABLE I 

THE ISFLUESCE OF THERXDD\SAXIC, PHYSICAL. XSD KISETIC FACTORS OS COSSECL’TIVE REACTlOSS I2 

( 1) T1 and 7; - Ti depend on the gas pressure, Po 

(2) II increases as PC increases 

(3) Tr- T, decrcascs as PC increases 

(al External diflirsion 

Gas diffusing against external pressure causes 
local increase in PC and decrease in rate of 
w-eight loss 

(h) Internal diffkion 

Gas cannot cscapc easily from large, thick 
samples, separations poor 

Kinelic 

(I) Induction period and nucleation 

(2) Propagation, follow-s approsimately a relation 
such as: 

-=- 

D = residue 
T = absolute temperature 
k, II. e, R = constants 
h = rate of heating 

=& = initial surface 

A+f, = sample weight 
e (exp. - E!RT) 

(I) Control PC ;It some known and constant 
value 

(2) Select appropriate PC. for particular 
scpamtion 

13) Work at large values of PC. 

( I) Use scIf-generated atmosphere crucible, cr 
(2) USC controlled PG 

t-kc small. thin layer samples 

Tend to raise Ti for all stages 

Large da,‘d T desired for small Tf - Ti 

Should be small 
Should be large. therefore fine particle size 
Should be small 
Increases with increase in T. larger PC; 

causes higher T 

CrucibIes which Iead to decomposition in self-generated atmospheres have 
their primary inff uence in increasing the pressure of gas evolution to one atmosphere, 
which gives rise to favorable thermodynamic. physical. and kinetic effects. The 
control is not exact, and Pannetier er a/_, being concerned with the precise thermogravi- 
metry of solid-gas systems. consider the use of self-generated atmospheres to be a 
makeshift or last resort’ 2_ In many instances, however, precise atmosphere control 
is not avaiiabIe, or isdifficult or impossible because the reaction products are complex 
or unknown. The self-generated atmosphere method has a sound theoretical basis 
and, in such instances, wouId seem to be a good choice for the initial thermogravi- 
metric study of a complex solid-gas system. 

Thcrmochim. Acta, 2 (1971) I-23 



Considention of reaction characteristics also leads to the conclusion that a 

crucible for utilizing the effect of the self-Senerated atmosphere should have as small 

n v3por volumr D 2s posibie (see 31~0 section C)_ A iarse \-apor volume will allow gas 

pressure _ gradients in the sample_ ma>- result in di&T erent reactions. and. it is claimed’. 
may cause non-stoichiometric weight Iosses. .A IarSe vapor volume will also make it 

more difiicult to locate ri and hence to compare results by different workers. As has 

been pointed out ‘I it is wasteful to debate the value of Ti or the existence of a com- 

pound in a pxticular tempem!ure range if the _eas pressure is variable and unknown. 

Thlz u-w of a sAf-scnerated atmosphere crucible of standard design by different 

workers xouid help make their results more directly comparable. 

In a self-pencrated atmosphere crucible the atmosphere produced by the Iirst 

reaction may have 3 kneficial or detrimental effect on the foIIo\s-ing reaction. For 

esampIe. in consecutiw h\-Jrate decompositions the presence of \vater vapor 

fxilitates the recrystallization of the new phase*’ . and the decomposition of anhy- 

drous calcium oxalatc is accelerated if water is present from the decomposition of the 

h_\tIrate’ *_ 

It seems not to have been recognized heretofore that the yapor space in SGA 

crucibles and the buo>-ant ctiect of the c~olwd sases c-an have an important influence 

on ths interpretation .>f rczc.utts_ In this section there will be a general development of 

the etTect of x-apor space and the cfic’ct of chansin ,g buogncp, and then previousI> 

described SG_-\ crucibk and esamples of their performance \viII be discussed_ 

The size of sas spaces in powders and in crucibles and the extent of decomposi- 

tion necessac to fill them can be easily calculated for a ~-pica1 decomposition_ If 

100 mg of calcium carbonate with an average particle diameter of I /cm and 3 bulk 

density of 6 IO of the true density is placed in the bottom of a 4.0 porcelain crucible 

with a volume of 4 ml. it wit1 require decomposition of O-03?; of the calcium carbonate 

to form enough carbon dioxide to fill the voids in the sample at 600 C, 0.024 ml. and 

decomposition of 5.69b of the caIcium carbonate to fill the crucible. assuming that 

the carbon dioxide exactI\- displaces the air and there is no loss by diffusion_ Both 

percentages will decreas e in magnitude with increase in tsmperature. The decomposi- 
tion necesa? to displace the air in the powder is negligible. but that required to fiI1 

the crucible is substantial. For this reason. crucibles for work in self-generated atmo- 

spheres should have the smallest possible vapor volume. If the vapor volume is small 

the thermogam will show a sharp transition from constant weight to rapid decomposi- 

tion. If the 1.apor volume is Iarse. there will be a temperature range over which there 

is a stow but increasing \+-eight loss foIlou-ed b?; a sharp transition_ These effects will 

be noted in Iater examples. A small vapor volume is also desirable to reduce the 

w\-cight changes due to the buoyant elect of difTerent gases. 
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((I) SGA cnrcihies wilh jixed r-upor i-ol~mes. - The vapor space in an SG.4 
crucible with a fixed vapor \-olume. or in an ordinary covered crucible, is usually 
full of air at the beginning of ar. experiment. As decomposition of the sample 
occurs. the air is gradually displaced by the gaseous decomposition product or 
products until the pressure of the _gas equals the ambient pressure in the thermo- 
balance. usually one atmosphere. Increasing the temperature further results in escape 
of the excess gas. The gas composition in the vapor space remains constant. but the 
gas density decreases due to the increasing temperature. 1Vhen a second decompcsition 
occurs, the same process is repeated with the second gaseous product displacing the 
first. If the reaction is reversible. the partial pressure of the product gzas st a given 
temperature will be approximately equal to the dissociation pressure of the compound 
up to the temperature at which it exceeds the ambient pressure in the thermobalance. 
If t\vo sequential decompositions produce the same gaseous product. the first decom- 
position will at first take place zt less than one atmosphere pressure of the gaseous 
product. but the entire decomposition of the intermediate solid will occur at one 
atmosphere pressure of the gaseous product. 

At any temperature the weight of the gas. 1r;. in the crucible will be. in rns 

~---x273.16x .Vx 1000 I-‘.if 
11; = = !2_187x- 

TX 32_314 T 

where I’ is the volume of the vapor space in ml 
T is the absolute temperature 
.1/ is the molecular \vei_eht of the gas 

The change in wei_ght. d WC_ due to change in gas composition and density will equal 
the weight of air minus the Lveight of the sas 

The corrected weight charge of the sample. d W’i will equal the observed final weight. 
FV, . minus the observed initial weight. IVI, plus the charge in gas \veisht 

d rVS = wz - It’, 4-d rry 

where the changes in sample weight and gas weight may be positive or negative, that 
is. ma>- represent 3 gain or loss of wei_ght. 

Thus, when a crucible initially full of air becomes full of a lighter ,gas, such as 
water vapor, LI W, xvi11 have a positive sign and the correct sample wci_ght will be 
larger than that observed_ A heavy gas will have the reverse effect. 

(h) Pisron rpe SG.4 crucihfes. - In a piston type SGA crucible with a well 
fitting piston, the vapor volume will increase on heating up to the volume of the 
cylinder, or to some limiting volume less than this if the piston is fitted with a by-pass 
groove. From this point the piston t_vpe crucible behaves as a fixed volume crucible and 

Thermochim. ricra, 2 (197 I) I-3 



8 A. E. NEWKIRK 

corrections can be made for the weight of the sas. If the fit of the piston is such that 

its position is sensitive to the rate of evolution of the gas for any major part of the 

decomposition, then the magnitude of the correction becomes uncertain since it is 

generally not possibie to measure the piston position during a run. If the piston fits 

loosely. the vapor volume w-i11 be small and constant and a separate buoyancy correc- 

tion may not be necessar\-_ 

(iii) Crucible designs and resdis 
Crucibles for thermogravimetry in self-+ owerated atmospheres have been prima- 

rily of the two t>-pes already mentioned. piston and balI-vaIve_ As shown in Fis_ 4, 

/ 

-d [ I=- 
z 
1962 

i960 

‘J 6 - \ 
1958 

1 I 

1962 

‘Fig_ 4_ E<-o!tition of crucibles for cspcrimrnts in self-gcncrztcd ;Itmosphercs. 

there has been some evolution of the designs. Compounds of a number of differen 

irpes have been studied. but the total list is quite short as shown by Tabie II. 
The simple covered crucible was found by Butcher er crl.” and by CurreII and 

Khodabocus” to give improved resolufion in a study of boron-nitrogen compounds. 

Thus. the thermogram for n-propylammonium tetraphenyl borate showed only one 

intermediate in an open crucibie. but with a lid. two intermediates were resolved 

according to the equation: 

RNH3BPh, ” *“-‘20*c_? RNH?BPh, +_ PhHl 

ic IZO- 15O’C) 

RNHBPh, + PhHr 

1. 
vaporized 

Two designs do not fit the genera1 pattern_ Fruchart and hliche1’ used a cup 

with a Iarze base but a small openins (not otherwise described) to slow down the 

eIimination of water vapor and to obtain thermogravimetric results on magnesium 

sulfate hcptahydrate that were in good concordance with DTA results. The capillary 

crucible used by Amiel and PaulmierlS and later by Lagier er al-I9 was designed to 
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prevent mechanical loss of product caused by the rapid decomposition of cobalt(H) 

oxalate in vacuum. 

TABLE II 

SURSTASCES THAT HA\‘E REEX STUDIED IS SELF-GESERATED ATMOSPHERG 

Reference Cruriblfl ConIpoumi 

2 
6 

2’ 
16 
16 
17 
17 
2 

‘4 
11 
3. ‘3 
6 

‘2 
6 

‘7 
IS. 19 
2, 20 

26 
‘6 
20 ‘5 * -- 
16 
‘3 

7 
1. 70 

This 
This 

6 
2’ 
s 

This 
7.2 

16 
16 
17 
7 
7 
2 
2 

21 
21 
21 
20 
4, ‘5 

P Ammonium carbonate monohydrate 
MR Anthracite 
P Brucitt [hlg(OH)2] 
c rr-Butyiammonium tetrachloroborate 
C f-Butyiammonium tetrachloroborate 
C i-Btitylammonium tetraphenylboratc 
C s-Butylammonium tetraphenylborate 
P Cadmium carbonate 
BV Cadmium(I1) sulphate t&3) hydrate 
P Calcite (CaCOz) 
BV Ccrussite (PbC03) 
MR Charcoal (wood) 
P Chrysotik 
&fR Coal 
BV Cobalt(l1) ascrate tctrahydrate 
CC CobalttIlt oxalate dihydrate 
P Cobalt osalate hydrate 
BV CuSO,- ~CUIOH)~ -sHrO 
BV CuSO;- ‘CU~OH)~ 
P, BV Copper su!phatc pentahgdratc 
C Ethy-Iammonium tctrachloroborate 
BV Gypsum tCaSO;.ZH,O) 
DC Iron carbonate 
P Lcadtll) carbonate 
C (powder). P, CC Lcad(II) carbonate 
cc, c Lead(II) oxide 
hlR Lignite 
P hIagncsitc (MgCO1, j 
CC Magnesium suiphate heptahydrate 
cc, c, P ManganesetII) acetate terrahydrate 

DC, P Manganese(II) carbonate 
C m-Octylammonium tetrachloroborate 
c n-Propylammonium tetrachloroborate 
C n-Propylammonium tetraphcnylboratc 
DC Rhodochrosite (MnCO,) 
DC Sideritc r.FeCO,) 
P Silver carbonate 
P Sodium oxalatc 
P Talc 
P Thorium(IV) nitrate pentahydrate 
P Thorium(IV) oxaiate hexahydrate 
P Uranyl sulphate hydrate 
DC, BV Zinc sulphatc heptahydrate 

“Key to crucibles: BV, ball valve; C, covered; CC, capihary crucible; DC, deep crucible; MR, micro- 
retort: P, piston. 

Thermochim. Acffi. 2 (197 I ) I-23 



Garn and lies~ler~-‘~ used the decomposition of carbonates. hydrates. and 

osalatcs to demonstrate the value of the piston crucibk but they recognized that the 

ori$nal model made of alumina was too heavy. 44 g. for many thermobaiances. A 

lighter crucibie was made of Pyrex by ClaudeI” in which the piston moved with 
mild! friction and projections on the crucible supported it on the ring of a Chevenard 

thermobalancr. In a study of the decomposition of thorium osaiate hesahydrate and 

thorium nitrate prntahydrate Claude1 observed poorer separation of hydrate plateaus 

xvirh a piston crucible rhan with an ordinar)- crucible. Also with the Iafter compound 

ther.e was the zdversr effect that the increased temperature of hydrate decomposition 

cawed it to o\-erlap the nitrate decomposition. He also reports a final stage of tveight 

loss as due to gas dcsorption. and that at high temperatures the product expanded 

out of the crucible_ AI1 in all. Claude1 seems to have had an unhappy esperience with 

the piston crucible. Monkman”. on the other hand. used a piston crucible of Inconel 

600 in a successful stud- of asbestos and related minerals. He found that the combina- 
tion of the piston crucible and a heatins rate of 32 C h. which minimized temperature 

ditkences within rhe specimen. reduced the effect of particle size variation and 

standardized the effect of crucible Scomctry to _vieId more reproducible results. 

Fork1 used the ball-vail-e crucible he invented to study g>-psum and the lead 

carbonate mineral. csrussitc”. His results with the Iatter were almost identical with 

those obtained by heating the mineral in an open dish in an atmosphere of carbon 

dioxide. Ti;e dirfferentiai thcrmo~ram of g_vpsum in air in an ordinar\- crucible shows 

only a broad. nearly flat topped peak, whereas in the ball-valve crucible Ti is increased 

from about 90 to 130 -C rind the weight loss shows as tw3 clearly separated peaks of 

which the f&t is the Iar_9rlr_ 

Parmetier el cri.‘& built a Fork1 type crucibte using a platinum bucket with an 

indented top having a hole closed by a quartz ball. This was used to study the dehydr- 

ation and decomposition of cadmium sulfate S 3 h_vdrate. A sharper inflection was 

I 

(PANNETIER et 01, 1963) “, 

1 I I 
;Ct 

I I I 
0 20 40 63 100 I20 140 

TEMPERATURE (*C> 

0 

Fig. 5. Thermograms for copper sulfate pentahydrate. Heating rate 130 -C.lh: t- ) Fork1 type 
crucibIe. (------1 FiIiform criliblc with valt-e. 
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obtained with the ball-valve crucible than with an open crucible, even when a slower 

heating rate was used with the open crucibk. The ball-valve crucible was later modified 

to improve the heat transfer and tested on copper sulfate pentahydrate with the 

resultsz5 shown in Fig. 5. This filiform crucible also has the advantage (.not mentioned 

by its inventors) of having a smaller vapor volume which may be the cause of the 

sharper initiation of reaction. Pannetier and co-workers used these crucibles in a 

detaiied study of the dehydration of zinc sulfate heptahydrate and found them of 
advantage in revealing the hesahydrate. 

Later the! reported results on CuSO, - 3Cu(OH l2 -s H,O and CuSO, - 2Cu(OH), _ 

Sample weights of 50 m= (7 or less in the ball-valve crucibles and a heating rate of 

130°C h were found necessary to obtain good resolution of the intermediate stagesz6. 

The ball-valve crucible (.not further described) was also used by Doremieus” to 

study the dehydration and decomposition of cobalt(I1) acetate tetrahydrate. Plateaus 

vvcre much clearer than in open crucibles and two new intermediates were identified. 

the dihydrate and Co,(OAc),OH. 

This review shows that crucibles for self-generated atmospheres have not 

always been helpful in resolving reaction stages. Most investigators have been con- 

cerned with specific results rather than the method and. except for Garn and Kessler. 

and Forkel. the crucibles have not been adequateI>- described nor have principles 

of their application been discussed_ It seems evident that to take full advantage of 

this technique new crucibles are needed that are light. easy to make. and have a small 

vapor volume_ The performance of these crucibles needs to be compared directly 

with the performance of existing designs_ 

D. SEW RESSULTS 

Lead(i1) oxide, >-ellow reagent powder (Matheson. Coleman. and Belli. Lead( II) 

carbonate. to ACS specifications (City Chemical Co.‘). Manganese( I I) acetate 

tetrah_vdrate, certified reagent grade (Fisher Scientific Co..). gound sli@Iy to obtain 
a powder from the initial]! laqe flakes. It had a strong odor of acetic acid. 

Thermogravimetric esperimentj were carried out in a Chevenard thermobalance 

model TH 59 IIC modified slightly for use in air or controlled atmospheres. The 
protective cover of the balance was flushed with air at 2 liter min. This was found 

necessav. particularly when carbon dioxide was used. in order to prevent it from 

progressively misin, 0 with air in the balance case and cavsing an apparent lveight 
_oain increasing with time. The temperature was measured by a thermocouple in a 

well just above the sample. Reported Lveight changes have been corrected appro- 

priately for apparent weight sain. Powder X-ray diffraction patterns were obtained 

photographically in a s-cm diameter camera usin g FeK, radiation. The interplanar 

spacings were read from the film with a spacing template and compared in position 

and intensity with standard patterns- 



The sample holders used were as follow: 

(I ) crucibic. Coors 4.0 porcelain. high form. open or \vith cover: 

(2) shaiiow dish. quartz. 20 mm OD. IS mm ID_ 6 mm high. 4 mm deep: 

(.3) piston crucible (.Fie_ 6. ri#t side). Pyres. 3ladc from 10 cc hypodermic 

s-ringc. C-Jindcr. IS mm OD. J-I.4 mm ID. 45 mm high. Piston. 14.3 mm 01). 

15 mm hish. Total Lveight IT s”_ The piston had a goox-c in the side that alJo\ved more 

rapid cricrtpc of the v-apor wllen the interns1 volume escccdcd 5 ml: 

(_-I) capillary crucible (F-32. 6. ccntcr), P>-rcs. Uasc 13 mm dia.. 2 mm thick: 

hod-. 7 mm OD_ 1.3 mm ID. 50 mm high_ .After Joading and drawing capilJar_v: 

height. 55 mm: !cngth inside to shoulder. 25 mm: dixnctcr ofcclpilla~_ I mm. 

The capiJJar_ crucible is loaded (before drawing the capiliaq) with tJw aid of a 

special poivder funnel \vhich Iits inside the crucible to the bottom. This permits 

placing the sample without getting any particks on +L inside wall of the crucible 

zlbw-c the sample Jsvel. The empty crucible is xeig loaded. and reweighed to 

obtain the sample wcisht. The crucible is then wrap- i-ith asbestos paper up to a 

short distance abo\-c the JevcJ of the sampJc_ The c: : is held by this part. ;f glass 

rod fused tc one cdse of the top and the capiliar?; d about ;1 centimeter above the 

xmiplc. After cooling. the asbestos paper is rcmovcd. the crucible wiped clean and 

the capillary broken at a suitable point. The sample and crucible are then ready for use_ 

Several other types of apillar?; crucibles are shown in Fig. 6. A capillary of 
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known diameter and length can be fused into a larger tube as shown at the Ieft, and 

the sample loaded and sealed as described above_ More simply for large samples, a 
Iarge flat bottom tube with an initial partial constriction can be used in the same way, 

the compIeted form is shown. 

(ii j Resrdrs and discussion - con~pountis 

(a) Lead(U) oxide. - The utiIity of a self-generated atmosphere in reagent 
testing is ilIustrated by Fig. 7_ Pure lead(H) oxide should be stable in air to nearly 
400FC above which it shouid gain weight due to oxidation’“_ Curve A is a thermogram 
for the reagent sample in an open crucible in air. There is no plateau between the 
maximum weight loss, 0.7X, and the subsequent weight gain, which indicates that 
they are caused by overlapping reactions. 

i_WOLlNG BEGAN 
FOR A8B 

Fig. 7. Thcrmognms for reagent lcad(I1) oxide in air at a heating rate of 150%/h as re -orded; 
A, 4.0005 g in open 4/O crucible; B, 4.0010 g in a cowrcd 4;O crucible; C. 3.9919 g in a ca%lfav 
crucible- 

A better estimate can be obtained from curve B, which was made in a covered 

crucibte. The thermogram is shifted to the right and the tota weight loss is much 

greater. There is, however, still some question about the amount of impurity because 
there is no plateau between the weight Ioss and the onset of oxidation. 

A much ckarer idea of the behavior of the impurity can be obtained by using 

a capillary crucibIe as shown in curve C. There is an initial loss beginning about 50°C 

and tending towards a pIateau at 225°C. This couId be due to adsorbed and hydrate 
water_ It is followed by an additional Ioss in two ciearly defined stages that can be 

measured exactly. 

(b) L.eud(ll) carbonate. - The use of thermogravimetry in seIf-generated 

atmospheres in the present instance was stimulated by the need to examine a sample 
of Iead(I1) carbonate and by the obvious discrepancies between the thermograms of 
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Forkel and of Gam and Kessler, see Fig_ 2. Examination of the literature showed 
many other discrepancies, and the first three samples of analytical reagent grade 
iead(I1) carbonate that were tried were found to be impure. Despite a considerabIe 
amount of additions! work, a consistent explanation for the entire course of the 

decomposition has not yet been achieved. Rather than review all the complexities, 
onCy a few selected results illustrating the influence of self-generated atmospheres 
will ‘be presented here. Brief review-s and recent work may be found in papers by 
Pannetier and coworkers’3-30, and by Burriel-Marti and Clave13 ‘. 

One way of retaining the atmosphere over the sample in an ordinary crucible is 
to cover it with a layer of an inert powder. The results of such experiments with lead(H) 
carbonate are much less striking than expected_ 

Thermogram A in Fig. S is that for lead carbonate heated in air. If a thin layer 
of alundum, 0.4575 g, is placed over the lead carbonate, the thermogram is shifted 
slightly to the right of A_ OnIy if a very large amount of alundum is used (5 g) an 

appreciable shift is obtained (curve B). As might be expected very large corrections 
are required for both apparent weight gain and for water adsorbed on the alundum. 

I I 1 

0 IO0 & & 400 500 600 
FURNACE TEMPERATURE PC) 

Fip S_ Thermograms for teaad carbonate at a heating rate of 3OO’C~h; A, 200.4 mg in open 410 
crucibk in air: B, 200.6 mg covered with 5.09OS g Norton No. 240 alumina in an open 410 crucible in 
air; C, 200.3 mg in open +O crucible in flowing CO2 _ 

For comparison, curve C shows a thermogram obtained in an atmosphere of carbon 
dioxide. The only advantage of the powder layer curve B is to bring out an indication 
of a small reaction stage near the beginning. It does not heIp bring out the stage near 
12-mg weight loss, and it gives a poorer indication of the stage near 22-mg weight loss. 

This method might give better results with finer, less absorptive powders, but it has 

not been investigated further. 
A similar trick would be to cover the sample with a thin disk of alumina whose 

diameter was about the same as that of the inside of the crucible at the level of the 
top of the sample, When this was done the thermogram obtained was very similar to 
Fig. 8B. 
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When lead(H) carbonate is heated in piston or capillary crucibies the results, 
at a heating rate of 300 “Cih, are so similar to those of Fig. 8, curve C that they cannot 

conveniently be shown on the figure at this scale. For these experiments the small 
capillary crucible is advantageous because it requires a much smaher correction for 

apparent weight gain and gas buoyancy than the piston crucible. 
(c) Manganese(l1) acetare terraJg-drare. - CJ) Lirerature. The literature on the 

thermal anaiysis of this salt contains a number of conflicting results, but may be 
summarized in the following two equations for decomposition in nirrogen32-36. 

Mn(CHsCO& -4H,O(s)+-Mn(CH,CO,),(s) t4H,O(g) (1) 

Mn(CH,CO&s)+MnO(s) +(CH,),CO(g) + CO?(g) (2) 

Reaction (1) is actually more complicated, as revealed particularly by differential 
thermal analysis, and may involve decomposition in stages, incongruent melting, 
and evaporation of liquid water. Reaction (2) involves the simultaneous loss of 
acetone and carbon dioxide in contrast to calcium acetate in which the acetone is 
lost in a separate step with the formation of calcium carbonate, which on further 

heating loses carbon dioxide. The initiation of reaction (2) in air has been reported as 
overlapping reaction (1)33, and as beginning at 22532, 2203J, and 200”C35*36. In 
nitrogen the initial temperatures are 2903” and 255cC35. The agreement between 
different workers is about as good as can be expected. 

Neither of the two published thermogravimetric curves3 3-3 5 show inflections in 
the first stage weight loss. The differential thermal analysis curve of Manabe and 

Kubo3’ shows four endothermic peaks with initial deviation from the baseline at 
40 and peak temperatures of 60, 80, 120 (large) and 200°C (very small). 

The second stage weight loss has also been reported as without inflections, but 
the anhydrous acetate gave a complex DTA curve as reported by Arnou134. He 
observed endothermic peaks in nitrogen at 190 (small), 270 (small), and 300°C (large), 
the Iatter two overlapping_ 

In the description of experiments that follows, it will be assumed that the two 
stage mechanism given above is correct. The emphasis of the description will be on 

the differences of the thermograms obtained in different crucibles and on the weighing 

errors due to buoyancy effects. 
(2) Decomposition in nitrogen. The thermogram for manganese(I1) acetate tetra- 

hydrate in flowing nitrogen is shown in Fig. 9A. The sample loses weight immediateiy 
at room temperature_ The vapor lost may be partly water, but it is certainly partly 
acetic acid since the sample has a very strong odor of this substance_ The two major 
stages of weight loss on heating correspond approximately to the loss of hydrate 
water and the decomposition of the anhydrous salt to manganese(H) oxide. The 
plateau from 130 to 260°C indicates constant weight within the random error of the 
instrument_ Both stages of weight loss show inflections. Because of the rapid initial 
weight loss, stoichiometric calculations were made from a baseline representing the 
weight of the empty crucible rather than in the usual way from the initial weight of 
the sample. The results are shown in Table III and compared to the calculated values 
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Fii_e 9. Thermograms of manganese(II) acetate tetrahydrate. heating rate lSO’C,‘h; A, Sample 
weight 153-S mg in a shallow dish in floa-ing nitrogen. 250 ml:min: B. Sample weight 102-6 mg in 
piston crucible in air_ 

and to the results reported by DoEmore and Tonge3’. Their sampIe was probably 
partiaIIy dehydrated whereas the present sample contains acetic acid and perhaps a 
slight excess of water. 

TABLE III 

THERSfOGRAW__Y OF HASGA~ZSE(lX) ACETATE TETRAHYDRATE 13 SITROGEX 

Obscrred Calczdart-d Dollinrore and Tonge 

T,, first stage (‘W 25 55 

Tr, first stage (=C)b 130 140 

Loss to Mn(OXc), (?C) 30.6 39.40 28.3 

T,, decomposition (‘C) 260 290 

rr, decomposition (‘C) 350 370 

Loss to MnO (?&) 71.8 71.06 70.1 

‘7; = temperature at which the loss is initially detected. bTr = temperature at which the loss is final. 

There is no indication from the thermogram that hydrolysis occurred during 
drying. The plateau ascribed to anhydrous manganese(II) acetate has a constant 
weight over a long temperature interval and is at a level close to the calculated weight 
fraction remaining expected_ The infiection in the fist stage loss was at 85°C and a 
weight fraction of 0.794. 

AIthough attempts to prepare the anhydrous acetate by air drying always gave 
a colored product containing trivalent manganese, it was concluded from the thermo- 
gravimetric results that anhydrous manganese(H) acetate could be made by heating 
the hydrate at a relatively low temperature in flowing dry nitrogen_ A sample was 
prepared in this way at 50% by Vr. Arthur Lavake. 

An& MnO(TG) Mn” Mn3+ C H 
Calc. 41.00 31.75 0 27.77 3.50 
Found 41.0 31.4 0.12 28.65 3.46 
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Thermogram for 139.4 mg at 300%/h, Ti = 265,T. = 390 “C. Amou134 for 30 mg 

at 250”jh, T; = 255, Tf = 330°C. 
(3) Decomposirion in a piston crucible. The thermogram for manganese(n) 

acetate tetrahydrate heated in a piston crucible in air is shown in Fig. 9B. For this 

run, the bottom of the piston was positioned about 2 mm above the sample because 
in a prior experiment with the piston on the sample melting caused the piston to stick 
then subsequently to be expelled from the cylinder illustrating dramatically a disad- 
vantage of the piston crucible. 

The effect of the self-generated atmosphere in increasing the initial weight loss 

temperature, Tr , is cltarly shown by comparison with Fig. 9A, as is the decrease in 

reaction interval. The increase in Ti has the beneficial effect of eliminating the initial 

weight loss at room temperature with its resulting uncertainty about the starting 
point for the thermogram. This indicates that the piston crucible may be useful for 
the study of reIatively volatile compounds. Forresterg has used a piston crucible in 
this way for an evolved gas analysis study of ettringite, 3CaO - A1,03 - 3CaS0, - 3 I H20. 

The infkzction during loss of water is located at 135°C and a weight fraction of 
0.908, but is much less prominent. Since the rate of weight loss increases after the 
inflection it may occur at the point the piston is extended enough to expose the groove 

and allow more rapid escape of gas. The second stage weight loss occurs in two 
approximately equal parts, a very rapid and uniform initial loss followed by a less 
rapid but still fairly uniform second loss. The inflection is too vague to be connected 

clearly with separate losses of acetone and carbon dioxide- 
Fig. 9B shows a sloping plateau for the anhydrous acetate and a final plateau at 

alevel above that expected for manganese(Il) oxide and therefore indicating oxidation 
of the manganese_ However, as has already been described, both of these levels need 
to be corrected further for the buoyant effect of the increased gas volume, as the piston 

moves. 
The corrected results are given in Table IV. Comparison with Table III shows 

that both stages have lower losses than expected, but are in better agreement with 

the calculated values than the sample run in nitrogen. A corrected thermogram would 
show a sloping plateau for the anhydrous acetate slightly higher than in Fig. 9B, and 

TABLE IV 

THER?SKKZRAVIJJY OF MA?ZGANESE(JJ) ACETATE TEJ-RAHYDRATE IN A PISTON CRUCIBLE 

Obserced Calculated 

Iniliai Corrected 

z-c. first stage (“c) 112 

T,, first stage (‘C) 205 
Loss to Mn(OAc)= (%, ZOS=‘C) 30.3 29.0 29.40 
T,, decomposition (“C) 330 
Tr, decomposition (‘0 367 
Loss to MnO (%, 450°C) 68.8 70.6 7t.06 
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a final pIateau somewhat lower. The sloping intermediate plateau may be due to a 
slight amount of hydrolysis. 

The results in the piston crucible could be quite misleading unless corrected. 
Thus, the final weight loss, 68.8%, shown in Fig. 9B is closer to that calculated for 
Mn30,, 68.88%, or even to MnzO,, caic. 67_8%, than to MnO. That the experimental 
product from the piston crucible was, in fact, manganese(U) oxide was confirmed by 
X-ray diffraction which showed principally lines due to this substance and a few weak 
fines which matched the data for Mn304*. 

An advantage of a cIose fitting piston crucible is that a run can be stopped at 
any point, the crucible coo!ed and removed, and the gas analyzed. This was done 
with a related acetate and the first stage products identified by mass spectrometric 
analysis as water and acetic acid. The crucible was then replaced, the heating continued, 
and the second stage products were identified in a similar way as acetone and carbon 
dioxide. 

(4) Decomposition in air in open and corered crucibles. The results are shown in 
Fig. 10 and Table V. In the covered crucible the temperature at which a given weight 
loss occurred is greater than in the uncovered crucible for both stages and both 

0 100 200 300 40 500 600 
FLIRRACE TEMPERATURE (‘0 

Fig. IO. Thcnnograms of manganeseCiI) atetatc tetrahydrate in air. heating rate I SOT;%; A, Sample 
s-eight 154.3 mg in an open 4/O crucible; B, Sample weight 153.6 mg in a covered 4!0 crucible. 

show other differences in behavior. The water loss appears to occur in two stages and 
the infiection between them is at 9O’C and 0.917 weight fraction in the open crucible 
and at 112°C and 0.580 weight fraction in the covered crucible_ The loss of acetone 
and carbon dioxide is accompanied by oxidation of the manganese in the open 
crucible, but oxidation appears to occur to a much smaller extent in the covered 
crucRJle. 

The position of the levels observed in the covered crucible is, however, somewhat 
misIeading because of the different buoyant effect of the evolved gases. Thus in the 

*I am iadebted to Mrs. A. M. Davis for this identification. 
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closed crucible the curve for anhydrous manganesel,II) acetate appears to be a sloping 
plateau above the plateau observed in the open crucibfe. If we assume that the 
evoIved gas is relativeiy quickly and completely replaced by air in the open crucible, 

but that the evolved gas replaces air completely in the covered crucible we may 

caIcuIate the maximum magnitude of the effect as previously described. For curve B 

in Fig. 10 at 18OC the 4’0 crucible would be full of water vapor and the measured 

weight would be lighter by 1.20 mg than it appears to be_ The Ioss would therefore 

decrease from 28.5 to 27.7%, in poorer agreement with the value of 25.9% observed 

in the open crucible. The difference would be less at a higher temperature and the 

plateau therefore has a greater slope than shown in the figure. An additional uncer- 
tainty is that the presence of any acetic acid in the vapor space would require a 
correction in the opposite direction_ These considerations indicate how difficult it is 

to correct the observed vaIues to obtain reliable weights. 

TABLE V 

THERMOGRA\-IHETRY OF ~l.IAXGASESE(II) ACETATE TETRXHYDRATE IN XIR (%) 

Calcuiafed Doilinrore and Tonge O&erred 

Open crucible Corered crucible 

Loss to Mn(OAc)r 29.40 29.30 28.9 28.5 
Loss to Mrl~OJ 67.80 65.50 67.6 6S.8 
Loss to MnO 71.06 

At 365°C the vapor in the crucible is a mixture of acetone and carbon dioxide, 

which is considerably heavier than air. The caIcuIated effect is 1.70 mg and the weight 

loss in the covered crucible becomes 69.9%, much greater than that in the open 

crucible, 67.6%. This indicates that less oxidation has occurred in the closed crucible 

than shown by the uncorrected thermogram. 

Thus a consideration of the buoyancy effects of the evolved gases would lead 

us to suspect that the sloping plateau for “anhydrous manganese(H) acetate” in the 

closed crucible may indicate some hydrolysis and, similarly, the weight gain above 

36O’C is probably due both to the effect of acetone and carbon dioxide vapors being 
replaced by air and to oxidation_ The covered crucible is not a good container for 

most kinds of self-generated atmosphere experiments_ 

(5) Decomposition in a capillary crucible_ A thermogram obtained by heating 
manganese(H) acetate tetrahydrate in a capillary crucible is shown in Fig. 11A. The 

vapor volume is only about 0.25 ml so that the maximum buoyancy correction is less 

than 0.1 mg and can be negIected. A comparison with Fig. 9 shows that the thermo- 

gram is very similar to that obtained in the piston crucible, but that the observed 
weight losses to anhydrous manganese(H) acetate (28. I % at 215 “C) and to the plateau 

at about 400°C (68.9% at 418 “C) are respectiveIy smaller and larger in the capillary 
crucibIe than in the piston crucible as would be expected from the smaller buoyancy 
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correction. Comparison with Fig. 10 shows that the capillary crucible is much better 

than the covered porcelain crucible in providing a self-generated atmosphere. A 

further advantage of the capillary crucible is that the sample can be easily recovered 

and protected at any point merely by lifting the furnace and melting the tip of capillary 

to close it. The capillary crucible is not as effective as the piston crucible in keeping 

out air as indicated by the weight gain above 42OOC. Air could be more effectively 

excluded by drawing a finer capillary_ 

I I I I 

- YR(CH~COO)~ - 4 Hz0 

- IYn (CH,COOl, 

0 100 200 300 400 500 600 

FURNACE TEMPERATURE WI 

Fig. II. Thermograms of mangane&II) acetate in a capiliary crucible; A, Sample w-eight 155.4 mg. 
heating rate 15O”Cih; B, Sample weight 149.2 mg, heating rate 25’Cb. 

An experiment was also carried out in a capillary crucible at a slow rate of 
heating with the results shown in Fig. I IB. The curve is to the left of curve A, as 

would be expected. Alth~ughthe figure shows only slightly more detai1, in the original 
thermogram there is clearly a slow initial loss, a period of rapid less from I20 to 

127”C, and a slow final loss to the plateau. There is no plateau or inflection that can 
be ascribed to an intermediate hydrate. 

(iii) Discussion - crucibles 
Decompositions in self-generated atmospheres are often characterized by 

thermograms that show a gradually increasing weight loss preceding a sudden rapid 

weight loss. This is particularly noticeable at the start of the second stage loss in 

Figs. 9B and 1 IA. It probably represents the effect of the gradual replacement of 

the gas in the vapor space by the self-generated atmosphere_ That is, for a short 

period the decomposition is occurring at a gradually increasing partial pressure of 
the gas evolved_ While this causes some uncertainty in the exact location of Ti, the 
major portion of the reaction usually occurs after the sharp change in slope that 

separates this early loss from the decomposition at one atmosphere partial pressure of 

the evoIved gas, A small vapor volume in the crucible reduces the temperature range 

over which this preliminary decomposition occurs and makes it reasonable to designate 

as Tr the point of the Sharp initial change in Slope. 
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The experiments lead to some general comments about crucibles. 

(a) For piston crucibles 
1. If the piston fits tightly it will be pushed out the top because it will not allo-,v 

the gas generated to Ieak out rapidiy enough. 
2. If the piston fits tightly, but is provided with a vent near the top, it wili tend 

to operate at a fixed expanded volume and require a large and variable buoyancy 
correction_ 

3. A tight fitting piston with a vent has the advantage that it may be removec. 
from the tbermobalance at any stage for separate analysis of the gaseous products 

4. If the piston fits loosely it will work for the samples that do not melt, bee 
when a sample melts capillary action may cause the liquid to fill the space between the 
piston and the crucible. When the sample subsequently solidifies it may expand ou? of 
the crucible or it may seal the piston, which will subsequently be blown out the cop_ 

5. These considerations lead to the suggestion, not yet tried experimentally, 
that piston crucibles for general work should be constructed with a relatbsly loose fit 
and a stop on the piston that fixes the size of the vapor spz~e at zjmewhat greater 
volume than that of the sample. 

(6) For capi~kuy crucibles 
I. They are lighter and easier to make than the previously described piston 

and ball-valve crucibles. 
2. They permit easy isolation and protection of intermediates and final products. 
3. They have a small vapor space so that corrections for changing gas density in 

the vapor space are negligible. 

E. LIhUTAl-iOFS, ADVANTAGES, RECO MME!uDEDusEs 

(i) Limitutions of thermogracimetry in self-generated atmospheres 
1. Buoyancy corrections vary depending on the molecular weight of the gas 

filling the crucible_ 
2. Large, heavy crucibles will cause a greater uncertainty in sample tempera- 

ture2’. 
3. In dehydration of hydrates, the chances of melting and +-he appearance of 

pseudo-plateaus may be enhanced4. 
4. Poorer resolution may result if the first reaction is delayed to a temperature 

at which a subsequent reaction begins2’. 
5. Secondary reactions with the evolved gas may make interpretition 

difEcult’8*‘g. 

(ii) Advantages of thernzograzketry in self-generated atmospheres 

(a) Thermogravimetry in self-generated atmospheres is primarily of value in 
the study of consecutive reactions. It will generally have the following advantages 
compared to thermogravimetry in open crucibles. 
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1. The reaction interval will be narrower, overlapping reactions will be more 

clearly resolved, and intermediates more accurately identified’- 14.22.2S.27. 

L-New phases will be revealed4. 

3. Reactions will proceed, for the most part, at a fixed pressure of the gaseous 

products equal to atmospheric pressure. The course of reactions? except at the start, 

wiII not be affected by varying partial pressure3.*‘. 

4. The observed initial decomposition temperatcre will be more cIoseIy related 
to an equilibrium decomposition temperature’. 

5. The resuIts will be more directly comparable with results from separate 
diKerentia1 thermal analysis experiments8-3 ‘. 

6. Experiments can be performed on materials subject to oxidation at elevated 

temperatures with little interference from oxidation. 

7. Very fast reactions can be studied without Ioss of solid product”. 

8. Better results will be obtaiiled on materials with an appreciable vapor pressure 

at room temperature. The sample can be weighed more accurately and will yield a 
horizontal baseline on the thermogram. 

9. The effects of particle size differences will be reduced and the effects of 
crucible geometry standardized. This is particularly important with inhomogeneous 
materials such as rocks and minerals”. 

IO. The recrystallizations of new phases from hydrates or hydroxides will be 

facilitated1 5-38. 

11. it has been claimed that irreversible decompositions wiI1 show better resolu- 

tion and a smalier reaction interval in some instances, though it is not known why’. 

(h) Thermogravimetry in seif-generated atmospheres aIso has some advantages 

over controiled atmosphere thermogravimetry. 
I. The balance need not be protected from condensible or corrosive gases3. 

3. No additional apparatus is needed except the sample holder’. 

3. The advantages of controlled atmosphere thermogravimetry are available 

even when different stages require different atmospheres. 

4. The advantages of controlled atmosphere thermogravimetry are available 

even when the gaseous product is a mixture or is unknown”. 

(iii) Recannnended uses 
Thermo_mvimetry in self-generated atmospheres may be useful for studies of: 

I. Consecutive reactions, and particularly for hydroxides, hydrates, ammoniates, 

carbonates, acetates, oxalates, and sulfates. 
2. Inhomogeneous materials. 
3. Compounds that decrepitate or explode. 

4. Air sensitive materials. 

5. VoIatiIe materials. 

6. Materials that decompose to yield severa gaseous products. 
7. Destructive distillation. 
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