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In the evaluation of thermogravimetric data obtained in the analysis
of liquid products, and particularly in that of petroleum products, it is of prac-
tical importance whether the observed change in weight is due to evaporation or
decomposition. The use of a derivatograph [1] for the measurements has the
advantage of plotting more sensitively than by other methods, thus e.g. by
graphical method, also the derivative of the TG curve with respect to time
(DTG curve). Therefore, the knowledge of the DTG curve permits the direct
application of the rate function of the change in weight to the study of phe-
nomena occurring during thermogravimetric analysis.

The derivatograph used for the measurements is suitable also for the
recording of the differential thermal analysis curve (DTA). In view of the
fact that there is only an indirect correlation between the DTA curve and the
rate functions, the DTA curves were not evaluated in this work.

Temperature being measured in the samples, the adjustment of a linear
temperature-time function was not necessary, since this would be of advantage
only in the integration of the used differential equation.

Investigation of evaporation
Assuming the vapour of the evaporationg liquid to be an ideal gas at
the pressure p,. the number of moles of the vapour, condensing in unit time on
g g

unit surface can be expressed by the following relationship:

dn _ P
dr V2 «MRT

(1)

Due to the independence of the two processes, the rate of evaporation
must be the same [2].

For measurements with a derivatograph, expediently the weight will be
used instead of the number of moles per unit surface in the formula of the evap-
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oration rate.

dx MF
= ToegRs o Pe (2)
dr V27 MRT
where: 1 = time, sec
x = quantity of the substance evaporated up to the time 7, mg
dx .
—— == rate of evaporation, mg/sec
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Fig. 1

M = molecular weight of the tested substance

F = surface of evaporation, cm?
R = universal gas constant, cal/®
T = absolute temperature, °K

=

= vapour pressure, torr

The shape and the dimensions of the largest crucible available for the
tests is shown in Fig. 1.

It follows from the shape of the crucible that the surface area of evapora-
tion changes during the measurements. This change is further complicated by
the heat dilatation of the liquid and the erucible.

Additional difficulties arise from the fact that for the application of
Equ. (2) condensation should be eliminated, because else the apparent evapora-
tion surface I ought to be considered instead of the true surface F, which,
however, is strongly dependent on test conditions.

For the evaluation of the applicability of the relationship (2), measure-
ments were undertaken with water as well-known modell substance. Fig. 2
shows that measurement, where care has been taken that the stub, protruding
into the crucible and serving for the measurement of the temperature of the
sample (and the recording of the DTA curve), shall be covered with water
even after the termination of the measurement.

Measuring results are summarized in Table 1.
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Table 1

Evaporation rate of water for the experiment
shown in Fig. 2

! dx ‘
dt { F’ calculated

|
Temperature ! theorigi}rn] 3] ]] oI - calculated
1 ”
30 31824 00088 | 0.022
40 55.342 . 0.0262 0.039
50 9251 | 0.0525 0.047
60 14938 | 0.0875 0.049
70 2337 0.1224 0.045
80, 3351  0.1924 0.047
90 525.76 0.2798 0.047
94 | 625 0.3148 0.045
985 | 735 0.3760 | 0.046

As can be seen from the last column of Table 1, the apparent surface of
evaporation F' can be considered as fairly constant. At low vapour pressures, this
constant character of the apparent surface ceases.

It was found that due to recondensation only a fraction of the true
evaporation surface behaves according to Equ. (2). F' is only the fraction

F' = F/C (3)

of the true surface of evaporation, however, C is constant, that is to say, inde-
pendent of temperature.

To verify condensation, experiments were carried out, in which suction
was applied in the immediate vicinity of the evaporation zone in the upper part
of the crucible. Dimensions of the crucible of the derivatograph necessitated
for the realization of suction a change in experimental conditions. Data of two
comparable measurements are contained in Table 2. In these measurements,
where the smaller crucible, costumary with the apparatus, was used, the
water weighed in did not cover the stub protruding into the crucible. (The
crucible was proportionally smaller than that shown in Fig. 1.)

Data in Table 2 prove that, due to the reduction of condensation, the
apparent surface of evaporation increases when suction is applied. The compar-
ison of Tables 1 and 2 shows that, under the given experimental conditions
and within the error arising from the heat dilatation of the liquid and the
shape of the crucible, the apparent surface of evaporation becomes constant
in the vapour pressure range higher than 50 to 80 torr.

7 Periodica Polytechnica Ch. X/3.



328 Z. ADONYI

Table 2

Apparent surface area of the evaporating water

Temperature, °C | ot metion | e ity saasion

20.5 0.004

28.0 0.009 300 0.015
40.0 0.018  40.0 L 0.019
50.0 0,019 50.0 “ 0.022
58.0 0.017 60.0 0.021
70.0 0.017 | 70,0 0.021
80.0 0.018  80.0 0.022
88.0 0.018 | 90.0 0.021
93.0 0019 | ow7 | 0.021

| |

The reproducibility of the measured values is very good, which is demon-
strated by the fact that the average surface F’ calculated from data without
suction in Table 2 for the temperature range from 50 to 93 °C is 0.0180 cm?,
while the average surface calculated from parallel results is 0.0176 cm?.

The relationship (2) contains the square root of temperature, permitting
to disregard in a small temperature intervall the dependence on temperature.
In evaporation, dx/dt is always a positive number, and hence, Equ. (2) can be
written in the form:

dx dx
—=¢-p, and lg—=lgp,+lgc (4)
Ie P g Ir g P
where:
. MF
V22 MRT

Using the well known empirical formula
A

1 = —  —1 B (0

8P, 7 )

and neglecting the temperature dependence of the heat of evaporation 4,
the equation can be written in the form:

yl
lo :———————-————:-B 6
&P¢ 4.576 T ©)

where B is an integration constant.
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The combination of equations (4) and (6) gives the following expression:

dx ; }.
lg =—— Llgc+B=——>"" L]gC". )
dr 4.576 T 4.576 T
Thus, a direct relationship exists between the rate of evaporation and the
vapour pressure. This rate, which can be calculated from the DTG curve, is
suitable for the determination of the average heat of evaporation. This calcula-

DTG o e
—
DTA ,
N;\M:“\N -
G

tion does not necessitate the knowledge of the true ( F') or of the apparent (F’)
surface of evaporation, or even that of the molecular weight.

. dx)
Denoting the ——I

) values appertaining to the temperature T; by K,
T );

the average heat of evaporation can be calculated with the following formula:
T,-T,

h=4.576. 1 -2
T'.’,—Tl

(Ig K, —1gK,). (8)

Average values of 1, between 50 and 90 °C calculated from measurements
under varying the dimensions of the crucible, the quantity of the substance,
the suction and the sensitivity, were found to be 9.8; 9.7; 9.6; and 10.2 keal/
mole, respectively, while calculations from the equation

i T,--T,

g B — =2 ©)
p, 4.576 T,. T,

gave 10.1 kecal/mole.

T
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The deviation between the value 9.8 keal/mole, calculated from experi-
mental data, and the value 10.1 keal/mole, calculated from Equ. (9), projected
on the distance of the DTG curve from the base line resulted 1 mm, This error
can be readily corrected by the proper recording of the DTG base curve (the
base line from which the distance of the DTG curve is measured), however,
a further study of the temperature dependence of the DTG base curve is re-
quired.

Eliminating the error of the dx/dv determination, and in knowledge of
conjugate vapour pressure-temperature Values, the temperature dependence

axar |\ " Weight
[mg/sec] T of somple:
- I e 2851 mg

° 199 mg wilh suciion
II s 1896 m

155

<y

+ 9% mg 400 mg

’0-, CGC/z//II.

102

of vapour pressure, the heat of evaporation and the apparent surface of evapora-
tion can be calculated from the diagram recorded with the derivatograph.

> 1
The relationship (7)plotted as a lgdx/dv and T diagram gives, not-

withstanding the shape of the crucible and other mentioned sources of error, a
remarkably good straight line for that section, where the apparent surface of
evaporation F' is constant. The salt content of water seems to influence the
slope of the straight line. The measured data are shown in Fig. 3.

Fig. 4 shows in connection with Fig. 3 the temperature-time relation-
ships for the straight lines denoted by I and IIL. It can be seen from Fig. 3
that in case of a single component system (in the given case: water) the slope
of the straight line is not modified by the quantity of the weighed in substance,
and — as becomes clear from Fig. 4 — results are not sensitive to the shape of
the temperature-time function.
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Fig. 5 shows the DTG curves, plotted as lg dx/dt versus 1/T diagrams,
of a few selected lubricating oils of extreme character. The curves VIa and
VIb in Fig. 5 were recorded with the same oil but at different rates of heating
and for different weights of sample, and their comparison with the results
shown in Fig. 3 (plotted for water) serves to prove that for mixtures the slope
of the straight line is dependent on experimental conditions.

o I
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Distinguishing between evaporation and decomposition

A succession of authors, as shown by the review of CosTs and REDFERN
[6], started from the equation which has been used first by van KREVELEN
et al. [4] and subsequently by FREEMA~ and CARROLL [5] in the kinetic evalua-
tion of thermogravimetric analysis data in the presence of decomposition:

dx
= — k(@ — x)* (10)
dz
g[ ''''''' \\'\\
=) .
f \.—\
\
\~«
g T 4
i N S
P \ Ve
250 - e
X
<\
- //
20+ e \
,/ 3
e
50 - /’/ \
y
" \
Fig. 6
where:
T == time, sec
x = quantity of substance lost up to the time 7, mg
dx
E—- = rate of the change in weight, mg/sec
T
a = total change in weight occurring until the termination of the
reaction
» = order of the reaction
E
E = 4e¢ R7T, the rate constant of Arrhenius.

Though Coats and REDFERN [6] think it improbable that this simple
differential equation, to which in the last analysis, all the deductions known
up to the present can be traced back, is valid for every decomposition reaction,
in want of a better relationship, this will form the starting point. (In many

cases, this equation was used with good results.)
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Tt becomes evident from the contemplation of Equ. (10) that, with the
exception of an order of reaction of zero, the lg dx/dt versus 1/T plot must
give in case of decomposition a curve.

Pertinent measuring and evaluation are shown in Figs 6 and 7. Fig.
6 is the derivatogram of the lubricating oil TO—35, selected as modell sub-
stance, while Fig. 7 is the lg dx/dt versus 1/T plot of the DTG curve in Fig. 6.

dax/d%
[mgfsec]

107

16 17 819 20 21 22 23 24 25 y/Ta0¢

It can be established from Fig. 7 that up to 285 °C the loss in weight is
caused by evaporation (being proportional to the surface), while at tempera-
tures above 285 °C by decomposition (being proportionalto the mass). Calcu-
lated from the TG curve, up to 285 °C the lubricating oil suffers a loss of 46.0
per cent.

Without going into a further analysis of the experimental results obtained
with the modell substance, it can be established that evaporation and decom-
position can be easily distinguished on the dx/d: versus 1/T diagram plotted
for thermogravimetric data. Evaporation is characterized by a straight line,
decomposition by a curve. The curve section of the diagram can be linearized
with the aid of Equ. (10).
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Summary

In the thermogravimetric analysis of liquids, the derivate of the TG curve with respect
to time (the DTG curve) is directly correlated with the differential equations of the rate of
change in weight.

Following from the differential equations of evaporation and decomposition, these two
processes can be clearly distinguished on the lg dx/dz versus 1jT diagram, since the period of
evaporation is represented by a straight line, and that of decomposition (with the exception
of reactions of zero order) by a curve.

With the aid of the DTG curve, which in the case of derivatography is the derivative
of the TG curve with respect to time, the apparent evaporation surface (F’) and the heat of
evaporation of the liquid can be calculated on the basis of the equation

dx MEF’

& ymamrr ¢

and in knowledge of a conjugated temperature — vapour pressure value the temperature
dependence of the vapour pressure.
For the evaluation of the section of decomposition the costumary equation

dx .
?———k(a——a)

can be used.
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