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Abstract

The evaporation of benzene, cyclohexane, n-heptane, tolucne, 2-xylene, 3-xylene and 4-
xylene was studied in H,, He, N, or CO, as purge gases for control of the introduced methods of
evaluation and the sensitivity limits of TG measurements. [, as a function of (1—of) and the follow-
ing equation proved very snitable for a quantitative comparizon of 2R independent and different
TG measurements and for a very sensitive characterization of the thermal processes, even within
an cnergy level difference of 3 kI mol™, in spite of the known great inconsistency in the formal
kinetic parameters:

InA = (I/RT)) E; — nln(1-0); + In(do/de),

The purge gases definitely influence the evaporation. The influcnee on the average vapour
pressure is an exponential function of the product of the molecular mass and the boiling tempera-
ture.

With regard to the number of factors in the TG measurement. and the great sensitivity of 1, and
the above function, it can he supposed that these equations exhibit some multivariate regression
character, besides their natural parameter content.

The cvaluation methods introduced help to extend the application of TG.
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Introduction

The chemical characterization of examined substances remains the chief arca of
application of thermogravimetry {TG), though the importance of cxaminations of
physicochemical properties of substances and measurements relating to thermody-
namic processes (e.g. evaporation, grinding, etc) is increasing.

One indisputable result is the extension of gravimetric knowledge relating to the
wide-ranging TG research and evaluation efforts, but the great inconsistencies in the
formal kinectic parameters are also well known. On the other hand, it has been em-
phasized that the kinetic parameters correlate with each other strictly linearly as a
maniflestation of the so-called kinetic compensation effect (CE; InA=aF+hb). Such
experience has become the rightful source of the frequent critical, moreover, ironical
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820 ADONYY: MOLECULAR MASS OF PURGE GAS

remarks relating to TG mea-suring conditions and kinctic evaluation [, 2]. The in-
terpretation of the CE has been the subject of numerous considerations, among oth-
crs as a consequence ol dilferent crrors in the measured and calculated data.

The cause of the contradictions is concealed beneath the usual idea of looking for
kinetic parameters which characterize the examined substance in a constant manner,
for cxample according to Eq. (1):

do E

—= AcprT

P (h
dr (1 -

where dodt is the velocity of the thermal process, (1-a) is the fraction of uncreacted
substance, A is the pre-exponential [actor, R is the universal gag constant, F ig the ac-
tivation energy, T is the ahsolute temperature, and # is the order of reaction.

It is a conceptual mistake, however, to caleulate kinetic parameters (o charac-
terize a subslance on the basis of one of its chemical reactions which depend on the
process conditions. This idea supposcs that only the activation energy of the ‘pure’,
i.e. the ‘abstract’ chemical reaction is ¢xponentially related to the process, and there-
fore the character of its description differs from the other partial processes (different
form of diffusion, heat conduction, etc.) that are superimposcd, but in an inscparable
manner | 1-5].

In spite of the usual kinetic evalvation idea as a principle or conceptual type of
error, the analogy between the mass, energy, momentum streams and transport pro-
cesses, and conscquently between their exponential energy relations, is a proved fact
in thermodynamics. This problem was solved by intraducing Eqs (2) and (3), which
preserve the structure of Eq. (1) to some degree, but which contain only series of sets
ol measured discrete values of the T, TG and DTG functions [3, 4]. {; is reminiscent
of the word invariant and Eq. (?) serves as its definition function:

E.

! (2)
A_Rﬂ

ﬁé'i!..zl AuL (3)

RT, | o
dr

1

Equation (3), as dimensionless group of numbers, illustrates the simple connec-
tions between the measured data. The simplifications thal A=1 and n=1 are the basic
presumptions for elimination from the usual preconceptions, e.g. relating Lo the rate-
controlling processes, f;, as a [unction of (1-a); and 1/T;, is very suitable for a quan-
titative comparison of the TG data measured under very different conditions by cal-
culating the changes in A, n and the difference between the /T values in respect of
the base. Accordingly, it can serve for a deeper and ¢ven quantitative investigation of
some factors of measurements that are now included in the systemalic error category
(c.g. the mass and physical properties of the sample, the heating rate, ctc.) [3-7].
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In strict connection with the analysis of TG measurements with dimensionless
product, Eq. (4) is suitable for an unambiguous, accurale and very sensitive charac-
terization of different TG processes, using the measured data directly {4-71:

InA = (I/R’ri)i—n!n(l-a)iﬂn(du/df)i 4

Equation (4} is in connection with the phenomenon of the CE, too but in contrast
with the known idea of CE, the factors of Eq. (4) have direct and characteristic
physical meaning: (1/RT;) shows the average temperature dependence of the thermal
process and the sum of the terms —nin{1-o)+In(do/dr); points in a complex manner
(o the effects of the concentration and the structure of the sample and to the velocity
of the process. In spite of the identical dimensions, the meaning of E differs funda
mentally {rom the idea of the activation energy in the Arrhenius cquation because
E; characterizes nol merely the examined substance, but the energy level of the
chemical reaction and the partial processes together [4, 5],

These results are proved and verified by analysis and comparison of the error lev-
els of different types of evaluation methods and by recalculation of published data in
the literature [4-=7].

One rather neglected subject is the quantitative investigation of the effects of
purge gases on TG results, especially in the case of the evaporation of liquid hydro-
carbons. The number of factors that alfect the precision, accuracy and reproducibil-
ity of the experimental results in TG has been estimated as several dozens [ec.g.
8—13]. Investigation ol the evaporation of light hydrocarbons increases the numbers
of known factors, and the mechanisms of superimposed evaporation and condensa-
tion are independent. Tt is hoped that this study will lead to a better understanding of
the relations between the large number of factors and the significant parameters of
the thermal processes.

In this paper, the extension ol the applicability and the limits of the quantitatively
cxpressible sensitivity of TG measurements has been studied via Egs (3) and (4), as
recently introduced evaluation methods. Benzene, cyclohexane, n-heptane, tolucnc,
2-xylene, 3-xylene and 4-xylene were the substances examined, with regard to their
molecular masses and boiling temperatures, with a standardized flow velocity of H,,
I1c, N; or CO; as purge gascs.

Experimental procedures

The TG instrument used was the simultancous (T, TG, DTG, DTA) thermobal-
ance of Paulik, Paulik and Erdey (derivatograph) [9, 13]. The platinum sample
holder had the shape of a hollow cylinder (visible in [1] Fig. 1 as the 2nd crucible).
Its cxternal and internal radii were 6.0 and 1.5 mm, respectively, and the height of
the crucible was 16.0 mm. The separate bottom half of the inside cylinder contained
the Pt-PtRh thermocouple. Its hot junction was at roughly the middle level of the
liquid phase at the start of the measurements. The measured values were regarded as
the “temperature of the sample’, though it is a known fact that there is a tlemperature
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822 ADONY1: MOLECULAR MASS OF PURGE GAS

distribution in the sample, and the sample gquantity decreascs continucusly. The
standardized heating rate was 1.3-1.4 K min™".

The sample quantity was S00£1.5 mg and the standard flow rates of the purging
gases were 10046 cm® min™' for the different measurements. The gases were at al-
mospheric pressure,

Empirical experience

The TG curves revealed only a continuous mass decrease in cach case during
constant temperature increase. In most cases, the DTG curves also displayed a con-
tinuously changing character, but the DTA curves were always unexpectedly com-
plex, The evaporation being an endothermic process, the double peak-like head sec-
tions of the DTA curves were as follows: decreasing, increasing constant-like sec-
tion, decreasing, These sections more or less overlap in many cases. The heal con-
duction, the momentum stream, and the circulation in the liquid phase arc factors re-
lating 1o the mechanism of the process that are well observable in the DTA data in
particular, and more seldom in the DTG data. Examples are shown in Figs 1 and 2.
Figure | shows the complex system of the DTA sections and their dependence on the
velocity of the purge gas. As concerns the effect of the velocity of the purge gds 6.3,
4.4 and 3.5 were the average AK values [or toluene at 105, 163 and 188 em? min”
He, respectively. The purges of this can be considered an encouraging result as re-
gards the aim of this examination. Figure 2 depicts relatively rarcly observed hetero-
geneous change in a DTG curve.
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Fig. 1 Toluene; DTG and DTA curves as function of the {low rate of He purge gas
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Fig. 2 Benzene; DTG and DTA curves. Purge gas: H,
Analysis of DTA results

The thermobalance used {urnishes a very simple tool for a quantitative compari-
son of the DTA curves. It is casy to measure in parallel the temperature of the sample
and the sphere of heating for catculation of their differences and averages directly.
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Fig. 3 Averages of AT sample and inert temperature during the thermal processes

These average results are shown in Fig, 3 as a pre-observation of the trends. The
dala prove that the averages ol the temperature differences are connected with the
molecular masses ol the examined samples and the molecular masscs of the purge
gases.

The connections, however, arc sensitive to the conditiong of the measurements.
The 4 dubious data (cyclohexane in Nj, 4-xylene in He, and n-heptanc in Hs or in
CO,) point to some measurement factors that are as yet not ¢lear. On the other hand,
and with reference to the known problem of the comparahility of different TG mea-
surements, 4 dubious data among 28 scems a very lavourable ratio.

Discussion and quantification of purge gas effects

According to the published results [3-7]. Eq. (3) as a function of 1-ot or 1/T is
very suitable far the comparison of TG data measured gquantitatively under very dif-
lerent conditions, The functions f; proved well transformable for a quantitative com-
parison of the measurements. Comparison ol the present measurements, however,
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did not give applicable lunction-like results as concerns the effects of the purge
gases because of the small differences hetween the TG data.

As the {ollowing evaluation approach, Eq. (4) proved very suitable for a quanti-
tative characterization of the different thermal processes. It was expedient, by the
calculation of {1/RT,) and the sum of terms —rlIn(I—o)+In(dovds); (as & in Table 1),

Table 1 Results calculated with Eq. (4) in the interval (1—-¢)=0.8--0.2

Sample N R uRD W R
Benzene H, 1791 0.3666  -6.5644  0.98R35 55.1 3249
He 18.01 03694  -6.6544  0.98998 52.6 293.7
N, 19.30 0.3619  -6.9831  0.98715 583 371.0
CO, 18.93 0.3659 69277 (.98832 55.7 327.0
Cyclohexanc H, 17.54 0.3722 -6.5295  0.98999 50.1 267.1
He 17.82 0.3693 -6.5822  (.98971 527 2949
N, 19.14 03630 69496  (1.98709 58.4 357.0
CO, 19.24 03635  -6.9944  0.98618 579 343.8
n—Heptane H, 18.39 0.3654  -6.7207 0.98795 56.2 176.0
He 18.21 03570 -6.4997  0.98727 639 2363
N, 20.32 0.3555  -7.2220 0.98741 654 250.2
CO, 20.05 0.3538 7.0069  0.98742 67.0 266.0
Toluene H, 19.05 0.3516  -6.6972  0.98819 69.1 191.2
He 19.42 0.3500 -6.7977  0.98792 70.6 2024
N, 20.80 0.3410  -7.0927 0.98506 79.7 273.0
COo, 20.77 03419  -7.1010  0.98398 8.7 2039
2-Xylene H, 20.57 03394 —G.9855 0.98770 81.2 96.5
He 20.37 (1.3340 -6.8037 0.98935 87.1 122.4
N4y 21.58 (.3265  -7.0455 0.98683 95.4 167.8
CO, 21.04 03300  -7.1425  0.98646 914 144.4
3-Xylene H, 20.29 03372 -6.8408  0.98955 83.7 127.6
He 20.46 3351 68517 099013 859 139.3
N, 21.46 03313 -7.1100  0.98646 90.0 163.1
CO, 21.06 0.3375  -7.1083  0.98709 834 128.8
4-Xylenc H. 20.44 03314  -6.7731  0.99014 89.9 161.5
He 19.83 03404  -6.7504  (.98988 80.3 116.3
N, 21.32 0.3340  -7.1198  0.98671 87.2 1463
CO, 21.27 0.3374 71780 0.98543 83.4 127.8
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to use about twenty sets with cqual scales of the measured T;, (TG); and (DTG); data
directly. E; was calculated with these averages, considering that A=1. In other words,
E is the abscissa of the straight line according to Eq. (4) at In A=0, b; is the intercept
at E=0 and (1/RT)) is the slope.

The average tesults of the measurements calculated within the interval
(1—0)=0.8-0.2 are given in Table 1. The A7 are data recalculated from the averages
of the individual £;, (1/RT}) and b; results and it differs from 1" asymmetrically. The
error is about 1.0-1.5%; referring to E, the error is about 0.1-0.2% as somce hidden
reserve of the evaluation method used. Table 1 contains the average temperature and
the connected average vapour pressure data.
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Fig. 4 Effcct of hydrogen purge gas on evaporation
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Fig. § Aclivation energy of evaporation of cyclohexane in different purge gascs

As cxamples related to Table 1, Fig, 4 depicts some E v, (1-a) functions for dif-
ferent hydrocarbons in Hy atmosphere, and Fig. 5 the eifects of different purge gascs
on cyclohexane.

The cffects of the purge gases in Table | seem characteristic and distinguishable,
but in spite of the direct comparison of the results, analysis of the differences of the
functions was more expedient. The E vs. (1-a) functions measured in N, purge gas
were chosen as the basis for the AE vs. (1-rz) calenlations.

According o the AE vs. (1-a) functions, Hy with He and N with CO; belong in
different groups. This is illustrated in Fig. 6 with the cyclohexane results and in
Fig. 7 with the n-heptane results as examples. The change in the rates of the partial
processes during the thermal processes is noteworthy in these Figs too {¢.g. in the vi-
cinity of (1-a)=0.5).
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Fig. 6 Relative activation energy of evaporation of cyclohexanc in different purge gases
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Fig. 7 Relative activation energy of evaporation of n-heptane in different purge gases

According to the empirical relation in Eq (5), it was found that y, the average va-
pour pressure, is an exponential function of the product x, which is the molecular
mass multiplied by the boiling temperature ((molecular massxboiling lempera-
ture)/1000):

y :aebx (5)

The results of this relation are to be seen in Table 2, completed with averages of
all pairs of y vs. x results, lor ([-c)=0.5 and the interval 0.8-0.2. The resulis allow a
general survey of the effects of purge gases on the seven examined hydrocarbons in
the interval (1-«)-0.8-0.2.

Table 2 Effccts of purge gascs on evaporation of light hydrocarbons

{1-o)
H, He N, CO,
0.5 0.8-02
“ 546 07 590 R 0% 10 744 69 6R2. 47 64278
h -0.100 ~0.103 -0.100 —0.113 -0.104 -0.104
r 0.925 0,983 0.985 0.973 .997 0.998

« and b are the constants in Eq. (5); r is the coefficient of linear regression
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The clfects of purge gases arc within 3 kJ mo!™’, so Egs (4) and (5) are suitable
or a deep cxploration of the mechanism of the effects.

The connection is difficult to understand because of the great sensitivity of the
wvaluation methods introduced, and the numerous facters involved in the TG meas-
irements. For an cxplanation, il is obvious that the measured T, (TG); and (DTG),
lata contain the effccts ol all the mcasurement factors, but with a special hierarchy,
o it must be supposcd that these equations have some statistical, some muitivariate
cgression character, 100, besides their natural content. As an analogy, reference may
e made 1o some resulls published carlier [2], i.¢. the close connection between the
‘oefficients of the sixth-order polynomials of the measured DTG curves as lunctions
»f sample quantity. In that case, the close connection of the statistical coefficients is
eminiscent of the CE, as the phenomenon of the kinctic parameters.

Conclusions

The cvaporation of light hydrocarbons in different purge gases was studied in or-
fer to control the introduced cvaluation method and to extend the applicability of TG
necasurements.

It was demonstrated that the average f; vs. (1-a) very sensitively characterizes
‘he thermal processes, according to the following equation:

InA = (I/RT,) E, - nln{1-0), + In{daAdr);

The nature of the purge gas definitely influences the evaporation of the examined
light hydrocarhons. The influcnce on the average vapour pressure proved Lo be an expo-
nential function of the product of the melecular mass and the boiling temperature,

Though evaporation increases the number of factors involved in the measure-
ments, /; as a function of (1-e) was very suitable for quantitative comparison of the
different TG data in the case of 28 independent measurements, even within an en-
ergy level diflference of 3 kJ mol™, in spitc of the known considerable inconsistency
of formal kinetic paramelers.

With regard to the number of factors in the TG measurements and the great sen-
sitivity of the introduced functions, it can be supposed that these equations have
some multivariale regression character, besides their natural content.

These evalualion methods help broaden the application of TG, with an cxtension
of the idea of ‘measured factors” to the detriment of “disturbing lactors’ or ‘source of
errors’.
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