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Variation of Peak Temperature With Heating Rate
in Differential Thermal Analysis

Homer E. Kissingar

In diffetential thurinal analyala, the temperetore at which the maxinum defleetion is

ohaerved varies with heating rate for eertain t.ﬁna of Teactions,
derived relating this variation with the kinetize of th

An pxpression can be

g reaction, By maklhg & nmnber of

differential therinal pattornd sd diferent heatlng raLed, the kinetio constants can be obtained

diren%!ly from the differentinl thermal dsta,
Ma

asurerments of the varistion of posk toimperature with heating rate have been mans
for aeveral mineralz of the kaolin g:mupuEi the values of the kinetic conatanta determined, and

these velues compared with correspon

gilmilar matorisl by eonventional fzethermal technlgues,

are dirousgead.

1. Infyoduction

The method of differential thermsl analysis
(I}T'A) has been universally accepted by mineralowi-
cal laboratories 88 & rapid and convendent means for
recording the thermal effects that oceur as & sample
ia heated. Changes in heat content of the activa
sample are indicated by deflections shown by a
ling representiyr the differentia] tem ture. Tt
is conventional to represcot an endothermie effect
by a negative deflection and an exothermie effect by
o positive defleetion. The deflections, wlhether
positive or nemative, are enlled peaks.

Tho factars rezponsible for the size, shape, and
position of the resulting peaks are not well under-
gtood.  (Hten the temperature of maximum deflec-
tion, or pesk temperature, i3 considecably higher
than the koown iransition or decomposition tem-

ture of tha substance. The peak temperature
18 alse markedly aiflected by changes in technigue
(1)) Only in the caze of crystallincinversions (transi-
tions peowiTing instantaneously at g fixed tempera-
ture), hae there been a satisfaclory explanation of the
DTA peaks [2].

_The work of Murray and White (3, 4, 5] on the
kinetica of decomposition of clay minerals can be
applied to the interpretation of the DTA patterns
of Lthese materials, These workers meossured the
rotes of izothermal dehydration of elays, caleulnted
the kinetic constants of the materiala, and [rom these
dats conatrocted curves of reaction rate versns time
for conetent hesting rates, These ariificial curves
were zsimilar in shape to DTA curves, the tempera-
tures of maximum reaction rate were very cloge to
the pesk temperatures observed in DTA, and these
temperatures varied in the same manne with heat-
ing rate for bath the calenlated and the observed
curves. Later Sewell [6] found that the peak lem-
peratures of DT A patterns made ot different heatin
rates were predicted fairly closely by the equation n}%
Murray and White.

According to the equation derived by Murrey and
White, the temperature of maximum deflection i
defined by the kinetic constants of the material and

1 Fignres In beackets indomte {he: Jitecature ralerencea a4 iha eod of this paper.

al?

ing values obtained for both the same sarnples and

Bome factors affecting the resmlia

the heating rale. The assumption that the peak
temperature ocenrs when the reaction rate is a
maximum iz supported by the experimental work
degeribed above, It should them be possible to
caleulate the kinetic constanis directly from DTA
data by maeking 8 number of patterns at different
heating rates. The =erie= of experiments to be
described was performed to verify the squation of
Murray and While and to apply it to the deter-
mination of kinetie constants from DTA data.

2. DPreliminary Theory

Murray end White [3] and Yaughan [7] reported
that the thermal decomposition of elays abeyed a
first-order law. At constani tomperature,

o
a1 r=-rfr{1"-ﬂ'. {1
where x is the fraction of material decomposed.
The magnitude of the rate constant, k-, is determined
by the temperature and i= given by the Arrhenius
equation

~ E
kp=Ae 57, (2}

where R ia the pas constant, T is the Kelvin temper-
ature, aud A and & are constents that are Lﬁgﬂperties
of ‘the material. The constant F, called ACtive-
tion energy, is often interpretad as the energy bar-
rier opposing the resction. The constant A, most
often called the frequency factor, is & tnesgure of
the probability that & molecule having energy E will
participate in & renction.

When the temperature i3 changing with time, the
reaction rate ig

de_(2) (22 T
dt Natt: " AaT/, de
The rate of change of & with tempearature, with the

time coordinate fixed, (9 X377, is zero, because fixing
the time alzo fives the number and position of the
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perticles conatituting the aystem. The only effect
of an imstantaneous changs in temperature is in the

velocity of thermal motion of the particles, The
total rate of reaction muy then be expressed,
de_ . -EE
ﬂ_ﬂf‘l e . (4}

Thie expression holds for any value of T, whether
constent or varisble, =0 long az ¢ and T are measured
at the same instant.

When (he reaclion rale is & maxinium, its derivative
with respect o time iz zere. Solving og (4) for
(dfddy (dxfdit):

d rden def B 4T -=
G- GmE— )

The maximum value of dzidf ocours at temperzture
T, defined by

(5}

g 4T
RTL O 8}

This iz the equation derived by Murray wnd
White [5). o )
From eq (8} it is ensily seen that

2fIn 2
cine S

where ¢=dT'/di, thelheating Tate.

3. Experimenta] Procedure
3.1, Malerials

Tha clay mineralz of the kaolin group have besn

the predominant materials used in previous studies
of the relation of ehemical kinotics and DTA. For
thiz reagon, this group has been uvsed in 1be prezent
amdy.
Tliree kaclinite samples, demgnated A, B, and C,
were chozen. Kaolinite A was a Florida kaolinite,
wherens B and C were from Georgia. Examination
with the electron microseope showed that kaolinites
B and C consisted of wellpfurmed hexa%ona.l plates
with sharply defined edgee. The particles of kaoli-
nita A were smaller, thicker in proportion to their
brendth, and less well dafined in outline. Impuri-
ties were almost nonexistent in all three kaolinites.
X-ray examination showad all threa to be well cry=-
tallized, with wery lictle d-pxis disorder of the type
described by Brindley and Robinson [8].

Two samples of halloy=ite were chosen, one from
Eureka, Utah, and ons from Bedford, Ind. Thase
materinle were described by Kerr and Eulp (9]
The Indiana material was designsted by the symbol
H-12, the Eurcka materiai by H-13. }Ir‘hia identifi-
cotion was retained for the ﬁ-rmnt study. Both
halloysites contained apprecizble amounte of impuri-
ties, principally gibbsite and guartsa.

B
Ae FTm=

T T T T T
AT IHTE &

, aae |- A uwLTE
*
3 5
’g Eew
£ L L)
B PFFEAENTIAL TEMPERLTIRE —
d o _—
£ -
Z w
£ | 00 ;
oo} St € 5
s TEMPERATURE

| A fm E

w
SRLLY S J 200
L L L 1 L L L L ] o
a " m n an 5 [
TIME , hint
Fiarre 1. A fypieal differenfinltiormol-analysie padern o o

Faalinete cloy.

The endrbermil: pesk In Che regim 500* o FH* O reanlis from (e Lo of By=
dmxyl geonpe fom the struatars, The poaithon, amd the heighl of Lhe padl
vary with heating rata,

3.2, Apparatux and Procedura

_ The differential-thermal-anslysis apparatus used
in this work consists of a vertical platinum-wound
furnace and tha associated contralling and recording
equipment. Specimen holders are platinum tubes,
made of 20.oul Pt sheet. Two sizea of apecimen -
holdera are available, one pair heing % in. in diameter
by 1% in. long, the other ¥ in. in diameter and ¥ in.
long.  Platioutn-platinum 1)-percent-rhodium ther-
maeouples made of 15-mil wire are used.

Tha furpacs temperature is eontroiled by a cam-
driven program controller. A current interrupter
in the cam-motor cirenit allows any heating rate up
to ahout 26 deg C/min to ba selectad by the operator,

The differential temperature 18 teasured between
the centers of the active and tha veference sample,
Tho referenca materinl is a-sluminum oxde. &
sgmple temperature and the differential temperaturs
are recorded on the same chart by a multipoint
recorder. A typicol peitern is shown in fizure 1,

Each of the five sample materials was run in DTA
in the %-in. holders at about 3, 4.5, 6, 10, 12.5, and
20 deg Cimin, The 2 deg/min rate was not used
with the ¥-in. holders.

Isothermal weighi-lass determinations wore made
with the NBS recordiog anelyticel bolance [10]. A
platinum crucible, Euspeﬂdedy in tha furoace from -
one gide of the balance, containe the sample, The
loss in weight is recorded continuously while the
furnace temparature is held constant. In the present
study, weight-losz determinations were made at 4507,
£00°, 556°, and 600° C for each material. Approxi-
mately 1 g of sainple waz used for each determina-
tion. Reaction-rate constants wera caleulated at
each temperature by the method desaribod by
Murray and White [3]. Kinctic constants wers
then caleulated by graphicsl solution of eq (2).

4. Hesults and Discussion

The iscthermal weightdoss data verified the first-
order law fegq 1) for the three kaolinites, The
hslloyaite decompesition did not obey the first-order
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afquation st the higher temperatures. Althou

other workers 13, 7] bhave reported that balloysite
decomposes according to the firstorder law, the
present work indieates that this i3 true only at low
temperatures and low reaction rates, Tial-and-
error sttempts to determine the reactron order were
but p&rtialﬁr puccegeful, indieating that the order
became less than unity st more rapid resction rates.

Activation energies and freg:eucy lactors wmera
calculated for the kaolinites from the isothermal
dats. It wis not pozsible to obtain these conziants
from the data for the halloysites. The values of 4
end £ for the kaolinites are given in table 1. Some
values roported by other workers are shown for
comparisan.

The walucs of 4 and E for kaolinite vary from
zample to sample. In genersl the well-crystallized
kaolinites have activation energies in the range 38
to 45 kealfmole, whereaa the lesa well ordered formes,
the fireelnys, give values of E down to 30 keal/mole
or less, Ha.iloysite. with the spme composition and
only slipghtly different in strueture from kaclinite, ia
reported [%, 7] to have activation energies slightly
lower than those of well-crystallized kaolinites,
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In differential thermal analysis, the temperaturas
at which the peak defloction oceurs for & given heat-
ing rate is determined by both 4 and F (e2q 8). If
the heating rate is changed, the Eea.k temperature is
changed. Tha wariation of peak temperature with
he&t.in% rate s roverned only by the sctivation en-

v, & {eq 7). Plotting In ¢/T¥ wersus 1}T,, a=
indicated by eq (7)), should give n atreight line of
glope —E/R,

The regultz of the DTA experiments with the 3-
. holders gre given in table 2, a, Tt was found
that repmdufibiﬁ‘ty of paak temperatures st a given
hesting rate wae improved by loading the sample
loosely into the holder, with no ing other than
gentle tepping around the outside of the holder.
The standoard deviation of an individusl mensure-
ment was found to he 2.6 deg C, calculated from 25

pir= of dupheate determinations [11]. The data
or the three kaolinites, plotted as indicated hy eq
(7}, is shown in figure 2.

The elope of ihe line and the standard deviation
of the pointz about the ling are readily caleulated
[11]. For purposes of caleulation, 1/, was taken
a3 the dependent variable. The standard deviation
in 1/Ty was converted to a standard deviation m
T h% the relation A(1/T)=AT|T* taking T as 800°
K. The standard deviations of the observed peak
temperatures from the predicted temperatures are:
for kaolinite A, 2.2 deg C: kaolinite B, 2.0 deg C;
kaolinite C, 3.7 deg C; halloysite H-12, 1.3 deg O
and halloysite H-13, 1.0 deg C. These values are
equal within aceeptsble mita to the standard devia-
tion of a single determination, 2.6 deg €.

The slopes of the lines are used to determine the
energy of activetion, . Wheon ¥ is known, A san
he caleulated from eq (6). The values of A snd E
determined 11 this manner are given in table 3,

The walues of & determined by this method are
from 3 to & percent Jower than those determined
isothermally. The values of logi A are also lowar.
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Tapnk & Valwes of aetivalion eergy E and frequency fuctor A4
datzrmined by diferepdici-thermal-onalysis  metlod
I 34, Teobider l In bele holdpr
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Thiz discrepancy may ha dus to the temperaturs
%x,dient across the aamPIE. The thermaocouple at

e center of the sample mdicates a tempersturc
different from that of the bulk of the sample. To
reduce this temperature difference to a minionom,
samples of the Lkaolinitea were diluted 14 with
a—A]EO,. When the DTA results’ were plotted, it
was found that in some cascs the polnta fitted &
straight line, but that activation energies much
larzer than those found for the undiluted samples
were indicated.  For kaolimite O, figure 3, the stand-
ard deviation of the points from a strnight- line was
11 deg C, much too large to be accounted for by the

exli-enmentﬁl Error,
In u further sttempt to Teduce the tempersture
difference between the center and the bulk of the

aample, the experiments were repeated with vndi-
luted samples, using the %-in. specimen holders.
Eeprodueibility was about the same az for the larger
3o F T T T T
[0 KAOLMITE C -
MUTED |24
WITH A1,0,
2.8 - .
et -
2.8 | ‘I
w25 -
+
£ 241 -
g3 |- -
2.2 I— —
21 —
[ sl
1,9 1 L 1 1 L

1.2h l.23 L2%

1/ Ty %405

Frovan g, Dferentipi-thermol data for o specimen condaining
a X:4 merttre of eley and aluming.

holders, the standard deviation being 2.2 dog .
The resulte obtained at the 20 deg Cfmin rata were
occasionally orretic, the decompoaition proceeding
g0 rapidly that soma of the powdered sample was
forced from the holder. This wes not chaerved to
ocour with the larger holders.

Results of DTA messurements uzing the =maller
holders ara given in table 2,h. Tha peak tempera-
tures are from G0 to 80 deg C lower 1than thoss ob-
tained at correspondiog heating rates m the la
holders.  An undetermined part of this difference 1a
the result of the modifications to the thermosoupla
gssernbly necessary to accommodate the smaller
holders, Chaleulsted as before, the standard devia-
tions were, for the five snmples, 1.2, 1.9, 1.8, 2.5, and
2.4 deg C. The values of E and 4 obtained from
these deta are given in table 3.

In toble 3 it cen be seen that the values of F are
only slightly different, for data obtained with tha two
specimen-holder gizes. 'The values of X obtained by

e DT A method are somewhat lower than thoze de-
termined isothermally, however, whereas the values
of logy A obtained with the ¥-in, hoilder are virtually
identicel with the isothermal values.

The spproximate precision of the DTA method
can be caleulasted. Jn the present ease, the standard
deviation of & single measurement iz 2.2 deg C.  The
order of mapnitude of the quantities eneountered ia
4 keal for B and 300° K for T,,. For the five heat-
ing rates used with the %-in, holders (table 2}, the
stundard deviation in Eis about 2.4 keal. The value
of logy A depends on the magnituda of the peak
tempersture, which varies with the technique usad.

Setting confidence limits equal 1o twice the
stendard devietion, this method of dejermining K
should give values within =+ 5 kesl, or about 12 per-
cent, for five heating rates between 3 and 124 dep
C/min, Considering the narrow range of temper-
aturathat is used, it 1s not surprising that this method
is no more precisc. The agreement of the DTA
results with the isothermal results, within the limits
of precision, is considered confirmation that, for
reactions that proreed st a rate varying with temper-
sture, eq {7) correctly describes the variation of pesk
temperaturs with heating rate in differential thermal
analysis. The lack of ment in the case of
diluted samples can not be explained. The same
effect was obeerved by Sewell [6], who atiributed the -
discrepancy to variations in the partial pressure of

the evolved ges within the reacting sample.
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