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THERMAL BEHAVIOUR OF S O M E  M I N E R A L S  
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fo r  different  hea t ing  ra tes  
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Thermal behaviour of some minerals (kaolinite, halloysite, two montmorillonites, quartz and 
calcite) for different sample amounts and heating rates has been investigated using differential 
thermal analysis. On the basis of the DTA analysis carried out, the PA curves of each mineral 
have been obtained for different heating rates. These diagrams can be employed in the semi- 
quantitative evaluation of identical substances contained in uncharacterized polymineral 
samples. 

A great deal of  information on the minerals here concerned is to be found the 
literature [1, 5] and, for some of  them, the relative PA curves (Probenabh~ingigkeit), 

i.e. the ultimate objective of  this work, are also provided. The PA curve (curve of 
sample amount  dependence) of  a substance can be determined only when the 
endothermic effect is due to dehydration, dehydroxylation and/or structure 
decomposition. In this case, the relative peak temperatures basically depend upon 
sample amount  and heating rate [2, 4]. I f  standard PA curves can be obtained from 
pure enough monomineral  samples, the interdependence between these parameters 
allows to determine the amount  of  unknown samples that undergo dehydration or 
decomposi t ion during heating. Consequently the minerals contained in a 
polymineral unknown sample can be determined semiquantitatively. 

As it will be explained later, the tests have been performed keeping some 
parameters  constant and varying others. Finally, on the basis of  the results, the PA 
curves of  all the studied minerals have been obtained. Moreover,  any discrepancies 
between the literature data [4] and our  experimental data are discussed. 

John Wiley & Sons, Limited, Chichester 
Akad~miai Kiad6, Budapest 
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Experimental 

Material "and methods 

The Stanton Redcroft STA 780 Series apparatus, used for the analysis, gives 
simultaneous thermogravimetric (TG), differential thermogravimetric (DTG) and 
differential thermal analysis (DTA) records, for sample amounts up to 100 mg, 
depending on density and packing. 

The sample and reference material crucibles are in Pt-Rh with a volume of about 
135 mm 3 and a diameter of 6 ram. The t.hermocouples, in Pt-Rh too, are exterior to 
and in contact with the sides of the crucibles. 

The analysis of the present study have been carried out in static air. 
The microprocessor-based control unit of the electronic microbalance gua- 

rantees high accuracy in weight determination (around Ixg). 

Identification o f  the minerals 

The mineral studied by thermal analysis are the following four clay international 
standards: 

1) kaolinite # 5, Bath, South Carolina 48W0250; 
2) halloysite # 13, Dragon Iron Mine, Eureka, Utah 48W0130; 
3) montthorillonite 22b (cream), Amory, Mississippi 48W1222; 
4) montmorillonite 22a (cream), Amory, Mississippi 48W1221. 
All these standards are supplied by the World's Natural Science Establishment 

Inc., P.O. box 1712, Rochester, New York 14603. 
In addition calcite and quartz samples, derived from large monocrystals, have 

also been studied. 
Calcite, quartz and clay minerals have been previously subjected to chemical and 

XRD analysis and, only once their purity had been ascertained, they were studied 
by DTA. 

Table 1 gives the chemical analysis for the major elements and their proportional 
formulas. For calcite some trace elements have also been determined, as their 
presence can have a marked effect on reaction temperatures [2]. However, Pb and 
Mn are only present in minute quantities or are absent altogether. 

As mentioned in the foregoing, the temperature variation of the endothermic 
reactions has been calculated by differential thermal analysis for different minerals, 
changing the sample amount and keeping some other parameters constant. Table 2 
shows the test conditions. 

Calcined A1203 has been used as inert reference material in all the tests. As Table 
2 shows, sample amounts ranging between 1 and 70 mg have been tested at heating 
rates of 10 deg/min, 15 deg/min and 20 deg/min. In the case of the montmoril- 
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lonites the amount of the samples was not less than 10-20 mg, because otherwise 
the reaction temperatures become illegible, due to insufficient definition of the 
peaks. 

The DTA curves obtained for the different minerals have the following features in 
common: 

1) the endothermic reaction temperatures for identical amounts, are directly 
correlated with heating rates; 

2) for the same heating rate, the endothermic reaction temperature is a function 
of the amount of substance tested according to a log-normal law (as will be 
demonstrated later) for almost all studied minerals. 

Generally, the best DTA curves, from a qualitative point of view, have been 
obtained under the following conditions: 

- -  amount of sample analyzed: > 10 mg; 
- -  recorded output sensitivity: 10 mV; 
- -  heating rate: 15 deg/min. 
It has been observed that with sample amounts of less than 10 mg, reaction 

temperatures cannot be satisfactorily defined due to the very broad peaks; they 
could be better defined by increasing the recorder sensitivity to 2.5 mV. However, 
this results in a worse diagram quality since the DTA curves exhibit considerable 
drift. This trend is also observed when heating rate is increased and therefore 
heating rate of 15 deg/min appeared appropriate. Figures 1 (a, b, c) show a series of 
DTA curves which are good examples for such phenomena. These have been plotted 
for the same amount of kaolinite (~  30 mg) at 2.5, 5 and 10 mV recorder output 
(Fig. la); for ~ 10 mg of kaolinite at 10, 15 and 20 deg/min with a recorder 
sensitivity of 10 mV(Fig, lb); for about 5, 10, 20, 30 and 40 mg of the same 
halloysite sample at 15 deg/min and 10 mV (Fig. lc). We also found that varying 
the amount of inert substance it had no effect on the endothermic reaction 
temperature, in agreement with the literature data [1, 4]. 

R e s u l t s  a n d  d i s c u s s i o n  

For each mineral the weight versus temperature ( w - T )  curves obtained at 
heating rates of 10, 15 and 20 deg/min have been plotted on semi-logarithmic 
diagrams. 

On the basis of the experimental w -  T values, a linear regression has been 
carried out: the results are shown in Fig. 2. 

It can be seen, that the experimental points are not very scattered around the 
regression line, except in a few cases. The correlation coefficient R (E = max~try 
where m is the slope of the straight-line) calculated for each equation that defines 
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the relative curve, allows to evaluate the points scattering. In some diagrams the 
first w -  Tcouple for 1 mg of analyzed substance has not been taken into account in 
data interpolation. In fact, its inclusion had a detrimental effect in the 
approximation of the regression line, owing to the difficulties encountered in 
reading the temperature from the diagram (very broad and poorly-defined peaks). 

Before analyzing the obtained experimental results for the other minerals, we 
make a short comment on quartz. This test has been carried out to verify if its 

A) 

Exo 
A I ~  

I i i I l 
0 200 400 600 800 1000 

T e m p e r a t u r e , ~  
Fig. la DTA curves for kaolinite (heating rate 15 deg/min; sample weight ~30 mg), a) recorder 

output sensitivity: 2.5 mV; b) recorder output sensitivity: 5.0 mV; c) recorder output 
sensitivity: 10.0 mV 

Exo 
A 

i 
V 

Endo 

8) 

J i i i i 
200 400 600 800 ]000 

_A. 

b) l~ "-'''~k/~'- i ..... i 
200 400 600 800 1000 

c) ~ "  
I I l , I , I I I 

200 400 600 800 1000 
T e r n p e r o t u r e  ,~ 

Fig. lb DTA curves for kaolinite (sensitivity 10 mV; sample weight ~ 10 mg). a) heating rate: 
20 deg/min; b) heating rate: 15 deg/min, c) heating rate: 10 deg/min 
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reaction temperature, at about 587 ~ , keeps constant as heating rate and weight of  
the sample vary. In fact, we did not find significant variations for the endothermic 
peak temperature, because the reaction is due to a structural transformation from 
a-quartz to/ /-quartz.  For  the above-mentioned reasons the w -  T values are not 
reported on the graph. 

c) 
Q) 

E• 
A 

I I I I I I 
0 200 400 G00 800 1000 

Ternperoture,~ 

Fig. le DTA curves for halloysite (heating rate 15 deg/min; sensitivity 10 mV). Sample weight: 
a) 5.38 mg; b) 10,23 mg; c) 20.41 mg; d) 26.69 rag; e) 40.92 mg 

The experimental results obtained for the other minerals are reported, as 
mentioned above, in Fig. 2 where the regression straight-lines for the 100 ~ and 
500--700 ~ peaks are plotted. 

Only three, between the analyzed minerals (the halloysite and two montmoril- 
lonites) show the endotherrnic reaction at about 100 ~ The diagrams of  Figs 2d and 
2e denote a direct correlation between temperature, heating rate and the amount  of  
sample, pointed out by each w -  T couple reported on the graph. Particularly, for 
the halloysite the points are more clustered around the line representing the 
20 deg/min heating rate (R = 0.9991) while at 15 deg/min (R = 0.9910) and 
10 deg/min (R = 0.9811) the scattering is greater. The w -  T values corresponding 
to the endothermic peak around 100 ~ due to the 22a montmorillonite dehydration, 
show considerable scattering at 15 deg/min (R = 0.9788), decreasing to 
R = 0.9890 at 20 deg/min and R = 0.9976 at 10 deg/min (Fig. 2b). The best 
approximation of the straight-line for the 22b montmorillonite is obtained at a 
heating rate of  10 deg/min (R = 0.9975); at 15 deg/min (R = 0.9960) and 
20 deg/min (R --- 0.9849) the fit becomes worse and worse (Fig. 2e). 
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It emerges, from these results, that no optimal common heating rate exists for the 
minerals studied here. 

As regards the minimum and maximum temperatures relative to the dehydration 
reaction of the above-mentioned minerals, in the weight ranges considered, we have 
obtained the following results. 

For the halloysite dehydration peak the lowest temperature observed was 45 ~ 
( ~  1 mg and 10 deg/min) and the highest 119~ ( ~  60 mg and 20 deg/min). The 
temperature variation of  22a montmorillonite is also considerable: from a 
minimum of 63 ~ for ~ 10 mg at 10 deg/min to 127 ~ for ,-, 60 mg at 20 deg/min. For 
the 22b montmorillonite they are 63~ ( ~  10 mg and 10 deg/min) and 120 ~ ( ~  60 mg 
and 20 deg/min). Also the endothermic peak that refers to dehydroxylation and 
structural decomposition of the clay minerals shows the same general, above 
described trend depending on the heating rate and the amount of the sample. Again 
it does not point out common optimal heating rates for all minerals. In fact, the 
halloysite shows, for the peak around 500 ~ a correlation coefficient better for the 
20 deg/min (R = 0.9954) than for 15 deg/min (R = 0.9743) and 10 deg/min 
(R --- 0.9839). The kaolinite shows the same behaviour; in this case the scattering 
around the respective straight-lines is slightly more pronounced at a lower heating 
rates(10 deg/min: R = 0.9900; 15 deg/min: R = 0.9911 ; 20 deg/min: R = 0.9970) 
(Fig. 20. 

The dehydroxylation and decomposition reaction for the halloysite shows a peak 
value ranging from 486 ~ ( ~  1 mg and 10 deg/min) up to 552 ~ (~60  mg and 
20 deg/min). The same peak for kaolinite varies from 512 ~ (HI  mg and 
10 deg/min) up to 584 ~ (~40  mg and 20 deg/min). 

A quite different behaviour was oberved for all the montmorillonite samples; 
opposite to the data reported in the literature [1, 4] they did not show significative 
reaction temperature variation related to the amount of the sample and/or of the 
heating rate variations. The experimental results obtained for the 22a montmoril- 
lonite show, in fact, a difference of only 2 ~ (Table 2) over the entire range from 20 to 
70 mg at 10 deg/min; the variation at 15 deg/min is 8 ~ and at 20 deg/min only 1 ~ 
The 22b montmorillonite shows that 10 deg/min a temperature of 644 ~ for about 
10 mg of sample while for 20 to 60 mg it remains constant at 652 ~ ; at 15 deg/min 
and 10 mg of the analyzed substance the temperature is 649 ~ and for 20-60 mg 
662-664~ finally at 20 deg/min the temperature excursion is only 4 ~ for weights 
that vary between 20 and 60 mg (Table 2). 

The peak at about 700 ~ is attributed, in the literature, to a combined 
dehydroxylation and decomposition reaction [1, 4]. However, our findings, 
theoretically infinite slope of PA-curves (parallel to the X-axis), do not support this 
claim. In fact, on the basis of analyses of some montmorillonites reported in the 
literature, the slope of the PA-curve for the endothermic reaction is considerable 
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being the difference of temperature, between minimum and maximum amount 
analyzed, in excess of 70 ~ [4]. To confirm whether the thermal behaviour of the two 
samples tested here could be extended to other montmorillonites or whether it was 
peculiar to them, three natural samples of montmorillonites originated from Cabo 
de Gata (Spain), Nurri and Uras (Sardinia, Italy), have been tested. In this case it 
emerged that the endothermic peak temperatures do not vary substantially for 
different sample weights and heating rates (only by a few degrees). Therefore it is 
possible that the endothermic reaction of montmorillonite at 650-700 ~ is not 
attributable to dehydroxylation and/or decomposition reaction but to a structural 
transformation. 

The endothermic reaction temperatures depend, apart from on Px2o (as for the 
above-mentioned clay minerals) also on Pco2 and this is of fundamental importance 
in the case of calcite. The CO2, i.e. a reaction product of the carbonate 
decomposition, delays the reaction. In the absence of gas flow, it accumulates 
above the sample, being heavier than air. There is an increase of the partial pressure 
of CO 2 above the sample that hinders the decomposition reaction: the greater the 
amount of carbonate, the greater the amount of CO 2 generated and as a result the 
greater is the delay in the reaction. This is why the reaction temperature increases [1, 
4]. The variation in endothermic reaction temperature of calcite, as a function of 
sample amount, is attributed to structural decomposition [1, 4, 5]. For the same 
heating rate the increase of  endothermic reaction temperature is considerable, as 
the regression line slope shows (Fig. 2a), for the different sample weights. In this 
case too, at fixed amounts direct correlation can be observed between reaction 
temperature and heating rate. The scattering is greater at 10 deg/min (R = 0.9950) 
than at 15 deg/min (R = 0.9981) and 20 deg/min (R = 0.9978). 

In conclusion the most important results that emerge from this study are the 
following: 

- - d i r e c t  correlation between sample weights, heating rates and the reaction 
temperatures for all analyzed minerals; 

- - a n o m a l o u s  behaviour of the montmorillonite reaction at about 700 ~ as 
compared to literature data; 

- -  no optimal heating rate exists for the minerals studied here. The regression 
lines of best fit do not always correspond to the same heating rate hut there is an 
optimal rate for each mineral. On the basis of our results, these are: 20 deg/min for 
kaolinite, 15 deg/min for calcite, 10 deg/min for the peak around 100 ~ of 
montmorillonites and 15 deg/min for the 600-700 ~ one; 20 deg/min for both 
halloysite peaks; 

- -  finally the results obtained allow a better knowledge of the thermal behaviour 
of the minerals studied at different heating rates and amounts. The relative 
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diagrams, reported for each substance analyzed, can be employed for a 
semiquantitative evolution of identical substances contained in unknown poly- 
mineral samples. 

The authors are indebted to Prof. Ivo Uras of the Economic Geology Institute, for his critical review 
of this paper. 
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Zus~mmenfasmag - -  Mittels Differentialthermoanalyse wurden fiir verschiedene Probenmengen und 
Aufheizgeschwindigkeiten alas thermische Verhalten einiger Minerale (Kaolinit, Halloysit, Quarz, 
Kalkspat und zwei Montmorillonite) untersucht. Auf Grundlage der durchgeffihrten DTA-Analyse 
wurden f'ur jedes einzelne Mineral die PA-Kurven Kir verschiedene Aufheizgeschwindigkeiten erhalten. 
Diese Diagramme k6nnen bei der halbquantitativen Bestimmung der entsprechenden Substanzen in 
unbekannten polymineralen Proben dienen. 

PeSmMe - -  MeTO~OM ~ T A .  H3yqeHO TeDMHq~2KOe nose~eHHe HeKoTopHx MHHepa~oe (KaO~HH, 
FaJIJIOH3HT, ~Ba MOHTMOpHJuIOHHTa, xsap~ H xa~bmrr) c pa3HldM KOJIHqO~TBOM 06pa3ua a npH pa3Hl,IX 
r Hal~Ba. Ha OCHOBaHHH IlpO]~[eHHhlX ~TA HC~JIC~OBaHHfi, noYlyqeHhl ICpHBIde HA ~.~ 
Ka~vJIoro MHHepa~a npH pa3JIHqHblX cKopocTHX HarpeBa. TaKHe ~arpaMM~ ~t4oryT ~ HcnoYfb30- 
lSaHId ~JIg HoJIyKOJIHq~'TI~HHOFO onpe~e~eHH~ H~eHTHqHIMX BelHeffrB, conepxanmxca s HeoxapaxTe- 
pH3OBaHHIdX nOYmMHHepa.qax. 

J. Thermal Anal. 34, 1988 


