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ABSTRACT

The shape and the intensity of the thermal curve of minerals, when analyzed by the
d.t.a. method, are strongly influenced by amorphous coatings and disordered structures on
the surface of the particles (Beilby layer), and furthermore by differences in particle and/or
crystallite size, the degree of crystallinity of the crystallites and ion substitutions in the
crystal structure. Examples are given.

Especially in the group of natural clay minerals, variations in these phenomena are
numerous. Consequently an accurate quantitative determination of the amount of a clay
mineral in a sample by means of the d.t.a. method, is impossible. Thus it was found that
even kaolinite from pure well known deposits has a heat of transformation which varies
from 100 to 176 and from 23 to 43 cal./g. for its endothermal (ca 600° C.) and exothermal
reaction (ca 980° C.) respectively.

For other minerals reliable results can be obtained only if the conditions under which the
specimens are formed in nature are practically always the same and the minerals are more-
over of pure chemical composition, i.e., circumstances, which are mostly seldom found.
These conclusions are based on experiments where errors due to the differential thermal
analysis d.t.a. apparatus are eliminated by calibration of the instrument with a standard
chemical, use of the same sample holder and thermocouple, dilution of the mineral with
the inert reference material and packing the mixtures always in the same way in the sample
holder.

INTRODUCTION

Quantitative d.f.a. has been applied by several authors as a rapid, in-
expensive and accurate method for the determination of the amount of a
mineral—see e.g. Norton (1940) for kaolinite, hydrargillite and diaspore
in bauxites from Dutch Guiana, Kiyoura and Sata (1950), and Murray
et al. (1951) for calcite in limestones. This method of analysis was also
used by Vold (1949) to determine the amount of stearic or benzoic acid
in a sample from its heat of fusion. The result should be accurate to
within a few per cents according to the authors. Grimshaw and Roberts
(1953) suggest that the accuracy of the d.t.a. method can be increased by
diluting the samples 1:3 with inert (calcined) alumina before the test.
For in this case the conductivity of the samples investigated should be
nearer to that of the inert a-Al,O; reference material which is used in a
d.t.a.

However, Speil et al. (1945) found for undiluted samples of kaolinite
from various origins, deviations of about 309, in their heats of trans-
formation. De Bruijn and Van der Marel (1954) who investigated aside
from kaolinite also other minerals from various localities, arrived at
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deviations of 100 to 200%,. These large deviations cannot be ascribed
merely to the heat of conductivity being unequal for all the samples in-
vestigated. According to the authors, they should be caused by differ-
ences in particle size, degree of crystallinity of the crystallites and sub-
stitutions in the crystal structure of the samples investigated. Another
factor is that loss of heat flowing away from the samples through the
various thermocouples cause deviations of ca 30%, according to De Jos-
selin de Jong (1955).

It is the purpose of this article to obtain data about the variation in
thermal effects of minerals from various origins, and also about the most
important factors by which heat of transformation of a certain mineral is
affected. All the d.t.a. tests described in the experimental part of this
article have been performed with the apparatus constructed and de-
scribed by De Bruijn (1954) and which has been in operation in the Lab-
oratory of Soil Mechanics at Delft (Netherlands) since 1952.1

The nickel-block oven contains 6 holes in which 5 samples can be an-
alyzed simultaneously, the remaining hole being reserved for the inert
reference material, usually @-Al,0; previously heated for several hours
at ca. 1300° C. It is provided with Pt/Pt, Rh thermocouples, a Boersma
amplifier and a Brown recorder.

ExXpERIMENTS

Factors by which the thermal transformations of a mineral are af-
fected when it is heated and the effect registered by the d.t.a. method,
are:

(1) Particle size of the mineral investigated

Many authors have found that the finer the particle size of the sample,
the lower is the actual temperature at its transformation and the smaller
is the peak area—see Van Nieuwenberg (1929), Speil et al. (1945), Laws
and Page (1946), Lippman (1952), Martin and Russell (1952) and
Robertson et al. (1954) for kaolinite, Caillére and Hénin (1947) for an-
tigorite, Kerr and Kulp (1948) for dickite, Van Schuylenborgh and
Arens (1950) and Kulp and Trites (1951) for goethite, Perkins (1950)
and Martin and Russell (1952) for montmorillonite, Sabatier (1950) for
chlorite, Barshad (1950) for paragonite, Barshad (1950), Mackenzie and
Milne (1953), De Bruijn and Van der Marel (1954) for muscovite. De
Bruijn and Van der Marel (1954) for pyrophyllite, Faust (1949), Graf

1 The author is indebted to Prof. Ir. E. C. W. A. Geuze, Director of the Laboratory for
Soil Mechanics, Delft, for use of this apparatus and to H. Labrie for assistence in the
analyses.
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(1952), Bradley et al. (1953) for dolomite, Kulp et al. (195 1) for calcite.
Also quartz when occurring in nature as small crystallites (chalcedony),
which after a-ray analysis shows a perfect structure, only demonstrates
a small negligible /8 d.t.a. effect—see Berkelhamer (1944) and Fieldes
(1952).

Apparently, the smaller the particle or the crystallite size, the smaller
are the forces needed for the transformations inside the crystals. Even
a qualitative identification of many minerals may be impossible because
by differences in particle size the peak temperature may be shifted about
200° C. to lower temperatures and the intensity of the endothermal ef-
fect may be largely decreased—see the examples in Speil et al. (1945)
for kaolinite, Caillere and Hénin (1947) for antigorite and De Bruijn
and Van der Marel (1954) for muscovite and pyrophyllite. Figure 1
shows examples demonstrating the large effect of particle size on the
thermal reactions of quartz, chalcedony, muscovite, biotite, pyrophyllite
and calcite.

Another difficulty is that when particle size decreases there is an in-
creased influence of the amorphous or vitreous—so called Beilby (1921)
—Ilayer on the thermal effects. This layer has chemical-physical proper-
ties quite different from those of the original crystalline material. Thus
Laws and Page (1946), Perkins (1950), Parkert et al. (1950), Drags-
dorf et al. (1951) found that by grinding kaolinite in a ball mill, the
original 600° C. endothermal reaction was almost completely lost and a
severe fogging appeared on the ax-ray photo. Moreover, the cation ex-
change capacity of the material has largely increased. After treatment
with 0.1 # HCI the residue gave sharp diffraction patterns identical with
those of the unground sample. Their conclusion was that by grinding,
amorphous permutite-like substances or amphoteric Al(OH); and
H,Si0; groups are formed, coating the particles with a thin layer and
having a quite different physical-chemical behaviour as compared with
the original mineral.

Fieldes (1952), using the silt fraction of a New Zealand soil, which after
x-ray diffraction contained 509 of a-quartz, found only 5% of it by a
d.l.a., the mineral having its usual 573° C. inversion peak. Quantitative
analysis of quartz by means of x-ray and differential thermal analysis
and the occurrence of an amorphous layer on the surface of fine quartz
particles has been extensively studied, because fine dust in the air of min-
ing districts may contain quartz which causes a lung disease (silicosis)
when inhalated continuously.

It was found that the Beilby layer could be removed by treating the
sample with a borate buffer—see Clelland et al. (1952)—or by etching
with HF—see Clelland and Ritchie (1952), Nagelschmidt et al. (1952).
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Grimshaw and Roberts (1953)—and that the intensity of the original
a/B transformation could be restored.?

(2) Degree of crystallinity of the mineral investigated

According to Grimshaw et al. (1945), Grim (1947) and Murray (1954)
the endo- and exothermal reaction of the poorly crystallized kaolinites
(fire clay, ball clay) are broader, of less intensity and they begin at a
lower decomposition temperature than the corresponding reactions of
the better crystallized ones. The first is caused by loss of OH from the
crystal structure and the latter by the formation of y AlOs.

Caillére and Hénin (19485) ascribe the difference in peak temperature
of the endothermal reaction of dickite, kaolinite and metahalloysite,? be-
ing ca. 580° C., 550° C. and 525° C., respectively, to differences in the de-
gree of crystallinity. The first is the best crystallized and the last the
poorest. Apparently a mineral with a high degree of crystallinity needs
more energy for its transformation to a new structure than a mineral of
poor crystallinity. According to Speil et al. (1945), Kerr and Kulp (1948),
Bramao et al. (1950, 1952) and Glass (1954), metahalloysite (and hal-
loysite) may also be distinguished from kaolinite by the shape of the en-
dothermal reaction, .e. the peak for metahalloysite (halloysite) returns
to the base line at a faster rate than it departs, whereas well crystallized
kaolinites show about equal rates. The shape ratio of the thermogram,
i.e. tan a/tan B, in which a=the angle between the perpendicular to
the peak and the descending side and 8= the corresponding angle on the
ascending side, has been proposed by Bramao et al. (1952) as a conven-
ient means to distinguish kaolinite from metahalloysite (halloysite). The
reason of this different behaviour of the above minerals is, according to
Kerr and Kulp (1948), that the sheets in the metahalloysite (halloysite)
structure are superimposed in a less orderly manner than in kaolinite.
The occurrence of halloysite (metahalloysite) in nature as small lath-
shaped and not as plate-like particles such as kaolinite, is also supposed

? The thickness of the Beilby layer on quartz particles was computed by Clelland (1951),
Dempster (1951), Clelland et al. (1952), Clelland and Ritchie (1952) and Dempster and
Ritchie (1952, 1953) from the decrease in density, the decrease in d.t.a. effect and the in-
crease in SiO; dissolved by the borate buffer between the original and the ground kaolinite
sample. They found 0.03-0.05 y, 0.11-0.15 » and 0.02-0.03 x respectively. Nagelschmidt
et al. (1952), Gibb et al. (1953) found from x-ray and electron diffraction analyses 0.03 x
and 0.03-0.06 p, respectively. Meldau and Robertson (1952) arrived at 0.03 to 0.20
for augite, hornblende, fluorite and aragonite by electron diffraction analysis.

#1In this paper the terms halloysite and metahalloysite, the latter resulting from the
former by heating at ca. 45° C., have been used to designate the phases Al,O; - 2Si0; - 4H;0
and ALO;- 28i0,- 2H:0, respectively, also called endellite and halloysite, respectively by
other investigators.
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to be caused by stresses in the crystal resulting from this particular
structure.

By x-ray analysis the poorer degree of crystallinity of halloysite and
metahalloysite as compared with kaolinite can easily be observed on the
photo—see e.g. van der Marel (1950). Therefore, due to a lack of per-
fection of the individual crystallites, rather than to their smaller size,
the d.t.a. curve of halloysite (metahalloysite) is not symmetrical as in
kaolinite, but asymmetrical. However, de Bruijn and van der Marel
(1954) and Robertson et al. (1954) observed many well crystallized kaolin-
ites, verified by x-ray analysis, to have an asymmetric endothermal
reaction. In Plate I are some examples. Thus the size of the crystallites
and amorphous coatings—see under (1)—on the particles have also af-
fected the shape and the intensity of the endothermal effect of kaolinite.

(3) Lon substitutions in the crystal structure of the mineral investigated

According to Orcel (1935) and afterwards Kelley and Page (1943),
Caillere and Hénin (1947, 1948a,b, 1949), Kulp et al. (1951), Graf (1952)
the introduction of iron into the structure of a mineral, substituting
aluminum, magnesium or silicon, shifts the endothermal peak tempera-
ture to lower grades and changes its intensity. According to Caillére and
Hénin (1947, 1948a,b, 1949) the kind of binding of OH in the crystal
structure of a mineral is related to its decomposition temperature. In
this way OH of talc, antigorite and brucite is bound with decreasing
strength in the same order as here mentioned as they have endothermal
effects at 950° C., 650° C. and 400° C., respectively.

Page (1943) and Kelley and Page (1943) found that when Al is the pre-
dominant constituent of the octahedral sheet of the 2:1 minerals, the
water is given off at a lower temperature than when Mg is the predomi-
nant constituent. Grim and Rowland (1942) found that iron-free Texas
montmorillonite does not show its exothermal peak (caused by the for-
mation of a spinel) until at ca.1050° C. As a contrast magnesium-rich
Otay montmorillonite does not show a distinct exothermal reaction be-
cause enstatite is formed at ca. 950° C. instead of spinel—see Earley et
al. (1953). In Fig. 2 is demonstrated the evident effect of ion substitutions
on the shape and the intensity of the d.t.a. curve for some montmorillo-
nites, kaolinites and carbonates—see also the examples given by other
investigators.

(4) Different exchangeable cations in the mineral investigated

Hendricks et al. (1940), Caillere and Hénin (1944), Barshad (1948,
1950) and Arens (1951) found that the kind of exchangeable cation af-
fects the shape and the intensity of the low temperature endothermal
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reaction of montmorillonite. Faust (1951) arrived at the same result for
sauconite, e.g. a mineral representing the Zn-end member of the mont-
morillonite series.! The low endothermal reaction of montmorillonite is
caused by loss of planar water, broken bound water and water bound to
adsorbed cations. The latter is the most firmly held and thus has an en-
dothermal reaction at higher temperature than the foregoing.

A very large effect on the d.t.a. diagram of saturating a mineral with
different cations, has been observed for vermiculite by Barshad (1948),
Walker and Milne (1950) and Arens (1951). This mineral contracts its
plates when saturated with K+, NH,*, Rb+ and Cs* ions thereby ex-
pelling the water molecules between the layers, when saturated with
Catt, Mgt or Srt* ions—see Gruner (1939), Barshad (1948, 1950),
Walker (1950). Mackenzie (1950) has attempted to correlate the peak
temperatures as found by Hendricks et al. (1940) for montmorillonite
saturated with various cations, with the hydration energies of these ions
according to Bernal and Fowler (1933). A correlation was found, except
for lithium. However Greene-Kelley (1953) pointed out that the activa-
tion energy detected by the d.t.a. method is not directly related to the
hydration energy of the cation concerned. It will also depend on the
charge density between the layers. In this way cations which give double
peaks for vermiculite, may give single peaks for montmorillonite. Of
course minerals with a small cation exchange capacity such as kaolinite—
see Arens (1951)—will not manifest significantly the phenomenon of
its d.t.a. curve being influenced by the kind of adsorbed cation. In Fig.
3 are some examples demonstrating the effect of the kind of adsorbed
cations on the low temperature thermal reaction of vermiculite and open
illite (ammersooite). The latter mineral also contracts its plates when
treated with K+, NH,*, Rb* and Cs* ions thereby expelling its cation
bound H:O molecules from between the layers—see Van der Marel
(1954). In order to eliminate the disturbing effect of the weaker bound
H;0 molecules, the samples were dried (in this case 1 hour at 105° C.)
before they were analyzed by the d.f.a. method. Moreover the samples
were analyzed under conditions where errors due to the apparatus could
not disturb the results. As pointed out by De Josselin de Jong (1956)
these errors are: dilution of the sample with the inert reference material
(a-AlyO3), packing the samples always in the same way in the sample
holder, covering the thermocouples with sufficient material so that the
heat flow in the neighbourhood of the thermocouples always follows the
same geometrical (cylindrical) pattern. Finally the sample holder+its

* By montmorillonite is meant here, as in common usage, the high aluminum member
of the montmorillonite series with some slight replacement of Al3* by Mg?* and no replace-
ment of Sit* by AB*,
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thermocouple was calibrated with a standard chemical (in this case
CuS0,4-5H:0) before and after each mineral/a-AlO3; mixture was ana-
lyzed.

As may be observed from the results, the effect of the kind of exchange-
able cation is smaller for the open illite as for vermiculite. However,
the total cation exchange capacity of the open illite is only ca. 65 m.e./100
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Fi1G. 3. D.t.a. of vermiculite and open illite (ammersooite)
saturated with different cations.

g. as against ca. 120 m.e./100 g. for vermiculite. Therefore, also the total
amount of H;O molecules which influence the thermal effect of open
illite is smaller than that of vermiculite.

(5) Chemical reactions between minerals in the sample investigated

Decomposition of pure dolomite, CaMg(COs)s takes place in two
steps. First the magnesite component loses its CO; at ca. 800° C. and
thereafter the calcite component loses its COs at ca. 900° C.—see Flood
(1950). However, Stutterheim et al. (1951), Heady (1952) and Webb
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(1953) found that in an intimate mixture of dolomite and Ca(OH),, the
normal large endothermal reaction due to the decomposition of MgCO;
in the dolomite, was hardly noticeable. This effect was caused by the
instantaneous, exothermal reaction between the CO; evolved from the
MgCO; fraction of the dolomite with the CaO resulting from the prior
decomposition of the Ca(OH),. In consequence the first endothermal
effect of dolomite was almost completely cancelled, but the second endo-
thermal effect of dolomite was enlarged as its effect was increased by the
endothermal reaction of the formed CaCQ; having the same peak tem-
perature as the CaCOj; component of dolomite. On the other hand Webb
(1953) found for molar mixtures of MgCO; and CaO or Ca(OH)., that
a MgCO; peak was obtained which was followed by only a small CaCOj;
peak. Thus the same reaction took place as in the foregoing example
but only less readily. In mixtures of quartz and calcite, the endothermal
reaction of calcite is hindered by an exothermal reaction of calcium sili-
cate, following immediately upon the former—see Lippmann (1952).

(6) Other disturbing components in the sample investigated

According to Grimshaw et al. (1945), Heady (1952) and De Bruijn
and Van der Marel (1954) exothermal effects caused by small amounts of
organic matter (humus) are often so pronounced as to reduce, or even
to eliminate any endothermal effect which may take place simultaneous-
ly. By treating the sample before the d.t.a. with H,O,, slightly decom-
posable organic material may be oxidized. Many soils and shales, how-
ever, contain organic matter which cannot be destroyed with H.O,,
e.g. cellulose, lignin and elemental carbon. According to Mackenzie and
Lakin (1953) graphitic (crystallized) carbon is less easily oxidized in air
than amorphous carbon and thus shows an oxidation peak at a much
higher temperature.

It should be mentioned here that Allaway (1949) could magnify the
endothermal effect of montmorillonite, beidellite and nontronite by
investigating samples saturated with piperidine. The latter is first re-
duced to carbon and then yields hydrogen with the water vapour escap-
ing from the crystal at its decomposition temperature and which has a
great heat of combustion when reacting with the oxygen of the air. How-
ever, for kaolinite having only a small base exchange capacity, or for
samples mixed with finely divided carbon, this method has proved to
be valueless. Evidently, a mechanical mixture of inert clay with piperi-
dine or carbon burns in a way much different from a clay which contains
adsorbed piperidine cations.

If organic matter is present, the only way to avoid errors is to analyze
the sample in vacuum or argon atmosphere—see Rowland and Lewis



QUANTITATIVE DIFFERENTIAL THERMAL ANALYSES OF CLAY 233

(1951). A number of workers—see Budnikov and Bobrovink (1938),
Berg (1943, 1945), Schwob (1950) and Graf (1952)—have described the
evident, decreasing effect of only small amounts of soluble alkali and
alkaline earth chlorides and carbonates, upon the thermal decomposition
of dolomite. Caillere and Hénin (19485) observed for mixtures of NaCl
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and KCIl that the endothermal peak temperature—being for each com-
ponent in its pure state ca. 800° C.—is even shifted to 660° C. in the 509,
mixture. Moreover, they found for NaCl, KCl, CaCO;, CaSO, mixtures
that the endothermal reaction of calcite at 900° C. may disappear com-
pletely and that new ones are produced. This is due to various reactions
occurring during the heating of the sample. Gruver et al. (1949) found a
strong suppression of the thermal reactions of kaolinite when 59 NaCl
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or 5% NayCOs was added to the sample and that the suppression of the
exothermal reaction was decreased more than that of the endothermal
reaction.

Plate II shows the results of x-ray and d.t.a. analyses of kaolinite and
montmorillonite which have been purified by sedimentation in Atterberg
cylinders, 0.01 N NaOH being used as peptisator. As with these fine
clays the NaOH could not be washed off entirely, the dried samples
which were analyzed, still contained (ca 49%,) Na,COj; (through absorp-
tion of CO; from the air). It may be concluded that the thermal curves
of these samples, which by x-ray analysis are pure well crystallized kaolin-
ite and montmorillonite, have evidently been changed by the impurity.

(7) Volume changes in the sample investigated

Shrinking, sintering or melting of the sample during heating, affect its
thermal properties and therefore also the shape and the intensity of the
d.t.a. curve—see Norton (1939), Berg (1945) and De Josselin de Jong
(1956). In Fig. 4 are some striking examples—see also the examples
given by other investigators. Thus magnesite, calcite, brucite, hydrargil-
lite lose ca. 52%, 449, 309, and 309, respectively of their weight at the
decomposition temperature. As a result of the decreased conductivity,
after the decomposition of these minerals, the base line comes at a higher
level than before. This effect may be decreased by mixing the samples
with a-Al:O;. Zinnwaldite and lepidolite melt at their decomposition
temperature=ca. 900° C. Thereby the thermocouple is covered with a
tight glassy substance and the contact between the sample and the sam-
ple holder is disturbed. As a result of the decreased conductivity of the
sample, the d.l.a. curve moves downwards, thus making any quantita-
tive analysis impossible. Another inconvenience is that after the test
the thermocouple has become useless for further analysis. Incomplete
oxidation of carbo lignin during heating caused by lack of sufficient oxy-
gen, is manifested by a gradually downward movement of the d.i.a.
curve. In this case only reliable results for the heat of combustion of
this organic—see Fig. 4—can be obtained if the sample is diluted 1:29
Wlth OL—A1203.

From the above it may be concluded that with a d.t.q. great differ-
ences may be expected in the intensity, the area and the shape of the
thermal peaks of minerals from different origins. This holds especially
for clay minerals where variations in particle size of the crystallites and
chemical composition (ion substitutions) in the tetrahedral and octa-
hedral layers, may be numerous in nature—see f.e. the analyses of Ross
and Hendricks (1954) and Early et al. (1953)—and the minerals being
moreover, mostly coated with various kinds of amorphous substances
which also influence the thermal reactions.
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Figure 5 shows the d.l.a. results of <2u samples of montmorillonite’
from various, pure deposits. They were obtained by sedimentation of the
original samples in Atterberg cylinders with 0.05 N NH,OH as peptisa-
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tor. The excess of electrolytes was washed out by filtration and the purity
of the dried samples was checked by x-ray diffraction after the glycerol
method of MacEwan (1946). The curves show evidently that the peak

5 See for this qualification note 4.
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temperature, the intensity and even the relative intensities between the

high temperature endothermal and exothermal reaction of this clay

mineral vary considerably when it is registered by the d.f.¢. method.
Figure 6 shows the d..a. results of the < 2u separate of soils of various
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origin which after x-ray analysis contain practically only kaolinite. The
separate was obtained by first treating the original samples with H,0,
(to destroy easily decomposable organic matter). They were afterwards
treated in the same way in Atterberg cylinders, etc., as is described for
montmorillonite. The d.f.a. curves show that also in this case, the peak
temperature, the intensity and the relative peak areas of the endothermaj

Tasie 1. PEAK AREA OF PurE, WHITE, WELL CRYSTALLIZED (VERIFIED BY x-RAY

ANaLysis) Driep (1 Hour at 105° C.) KaorLiNtTE < 2u AND OF Driep (1 Hour AT 105° C.)

PowpERED CuSOy- 5SH>0 (StaANDARD) DILUTED WITH a-AlQ; 1.50:2.50 EQuaLLy PACKED

IN THE SAMPLE HOLDER AND ANALYZED WITH THE SAME THERMOCOUPLE. D.{.a. OF KAo-
LINITES ALTERNATING WITH THOSE OF STANDARD CuSO,- SH;0 SAMPLES

KAOLINITE STANDARD
No. Endothermal | Exothermal | Endothermal | Endothermal
Origin (ca 600° C) | ca(950°C) —————| (ca 150°C)
in cm.? | inem2 Exothermal in cm.2
| 31.8
39 : 19.8 4.6 4.30 33.3
954} Dutch Guiana 14.6 3.4 4.29 32.8
1220 Gabon, Congo 22.0 4.8 4.58 32.2
163 Cornwall, England 26.6 5.6 4.75 32.6
325 | Zettlitz, Tsechoslov 19.5 4.7 4.15 32.0
40 vaencelF 22.2 4.8 4.62 31.2
292 | Reims [ °7¢° 17.2 4.0 4.30 32.6
460 Java 18.8 4.4 4.27 33.4
14 Bangka 22.3 Sher, 4.21 31.8
653 Pem. Siantarls 21.8 4.4 4.95 32.6
128 | Tandj. Balei [ >0t 20.9 3.9 5.13 315
202 Dhong Thuan, Thailand 17.2 3.5 4.91 S
326 | Murfreeshoro, Ark. 24.7 6.0 4.12 31.7
327 Bath, Carol. 26.5 6.3 4.21 30.3
329 Macon, Georgia US.A. 22.1 6.0 3.68 30.7
330 Dry Branch, Georgia 24.0 5u8 4.36 385
115 New Jersey 22k7) 4.7 4.83 31.1
328 Mesa Alta, Nw. Mexico 25157 5515 4.67 30.5
32.3
| Arithmetical mean (x) 32.06

Note: By calculation was found for the CuSQO; - SH0—CuSO. - H:0O transformation at ca 150° C.:
Standard error of the mean (sg) =0.22 cm.2=0.69%.
Standard error of the single determination (s) =0.97 cm.2=3.02%,.

and the exothermal reaction vary considerably.

To determine the magnitude of the variations in the heat of trans-
formation of kaolinite, being the least variable clay mineral, d.t.a. were
performed on the <2 u separates of pure, white, well crystallized (verified
by x-ray analysis) kaolinite and under conditions where errors due the
d.t.a. method are eliminated.

The results are summarized in Table 1. It may be concluded that under
these optimum conditions, the measured heat of transformation of the
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standard chemical used, is practically constant. It has a standard devia-
tion of the single determination (s) of only 3.029 for its first (CuSO,-
SH>0—CuS0,- H:0) endothermal effect (peak temperature = ca.150° C.).
However, the endothermal and the exothermal reaction of kaolinites
from different origin has a peak area which varies from 14.6 cm.? to 25.7
cm.? and from 3.4 cm.? to 6.3 cm.? respectively.8 The relative intensities of
the two thermal reactions varies from 3.7 to 5.1. Another difficulty is
that many minerals have reactions which overlap each other for a large
part e.g. kaolinite and quartz, kaolinite and illite, glauconite and illite—
see for further samples also Table 1 of De Bruijn and Van der Marel
(1954), Part II, page 412. Only exceptionally the overlapping can be
eliminated by use of a slow-heating rate, or by heating the sample in
vacuum-, in nitrogen- or in carbon dioxide atmosphere—see for the latter
Rowland and Lewis (1951) and Rowland and Beck (1952) in case of
dolomite.

Then there is still the difficulty that varieties of a mineral may occur
in nature, which are of the same structure and composition, but differing
largely in their thermal effect—see for « quartz McDowall and Dunn
(1947), McDowall and Vose (1947, 1952), Fieldes (1952), Keith and Tut-
tle (1952) and Lewcook and Wylde (1953).

Discussion

Particle size, degree of crystallinity of the crystallites, kind and
amount of ion substitutions and amorphous coatings (Beilby layer) may
vary considerably for a certain mineral of different origin. As they greatly
influence the heat of transformation of a mineral as registered by a d.t.a.
the application of this method for quantitative purposes will therefore
be very restricted. This conclusion holds especially for the group of clay
minerals. The same factors have so far resisted also a quantitative
determination of this group of minerals by the x-ray method.

The quantitative d.f.a. method can only be applied to well crystallized
minerals of well defined chemical composition if they give sharp diagrams
of great intensity and if they are formed in nature under practically the
same conditions. However, attention should also be paid in this case to the
sample investigated, as very fine crystallites and small amounts of chlo-

¢ For the decomposition of 150 mg. CuSO,: 5H:0 to CuSO, - H,0 at ca 150° C. 33 cal-
ories are needed (see tables of constants). This thermal effect is registered by the d.t.a.
apparatus here used as a peak area of 32.06 cm.? (standard deviation of the mean=0.22
cm.?). Thus the variation in the thermal transformations of pure kaolinite when heated in
a d.l.a. oven, is as follows:
endothermal reaction 100 to 176 cal. per gram
exothermal reaction 23 to 43 cal. per gram
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rides or carbonates of alkali and alkaline earths may largely disturb the
thermal effects. However, there lies an open and at present only acci-
dentally explored field for the d.f.a. method in the study of the heat of
transformation of H;O and other polar molecules bound to rest valences
at the surface of minerals, or to the exchangeable cations of these miner-
als. Another possibility for the d.f.a. method is the study of ion substitu-
tions in a certain mineral and their place in the crystal structure in com-
bination with chemical and x-ray analysis. In these cases small differences
in the physical behaviour of the H:O molecules (e.g. when stirred to an
ice-like state) or in the strength by which OH ions are bound in a crystal,
may cause large differences in the peak area or the peak temperature of
a d.t.a. Their registration can be made more accurate and therefore the
application of the d.t.a. technique as a very sensitive calorimetric method
for quantitative purposes enlarged, (1) by carrying out the analyses at a
high heating rate in vacuum-, argon- or carbon dioxide atmosphere; (2)
by use of the more sensitive Au, Pd/Pt, Rh (Pallaplat) thermocouple
which is also resistant to oxidation at the higher oven temperatures;’
(3) by placing the thermocouple not inside the sample holder as usual,
but as recently suggested by Boersma (1955), outside it. In that case the
peak area is no more dependent on the heat conductivity, the heat ca-
pacity or volume changes of the mineral investigated, but merely on the
produced reaction heat of the mineral sample and a certain calibration
constant of the apparatus.?
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