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Abstract 

Thermogravimetric analysis (measurement of sample mass vs. temperature) is a fre- 
quently used laboratory technique in the analysis of materials, and commercial computer- 
automated equipment is available. The TGA experiment is designed in much the same way 
as a transpiration experiment; the transpiration experiment was theoretically analyzed using 
a transport mechanism coupling diffusion and viscous flow. This coupled flow analysis as 
applied to the TGA experiment will be discussed. The analysis allows one to calculate 
equilibrium vapor pressures and related thermodynamic properties. As an example, data for 
the vaporization of Tl,O,(s) will be discussed. 

INTRODUCTION 

Previously Motzfeldt et al. [l] have theoretically analyzed the Ruff 
method for vapor pressure measurements using a model (the MKW model) 
with coupled diffusion and viscous flow as the principal means for sample 
transport. The coupling of diffusion and viscous flow into a transport 
mechanism has broad applications to several experiments. 

The apparatus for the Ruff experiment is shown schematically in Fig. 1. 
The sample is contained in the Ruff cell, which is similar to a Knudsen cell, 
but the opening to the cell is a long, small diameter capillary. The cell is 
suspensed from a vacuum balance into a constant temperature furnace with 
an inert gas present at a known pressure. Inside the cell, the sample vapor 
and the inert gas are present. When the inert gas pressure is large 
compared with the equilibrium vapor pressure, the sample will diffuse from 
the cell. When the inert gas pressure is smaller than the equilibrium vapor 
pressure at high temperature, the sample will leave the cell by viscous flow; 
at low temperature, the limit to sample vaporization will be heat transfer to 
the cell as proposed by Wagner [2]. 
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Fig. 1. Experimental apparatus designs for the Ruff-MKW experiment, the transpiration 
experiment, and the TGA experiment (from top to bottom). The connecting aspects of these 
apparatuses are discussed in the text. 

Diffusion is a transport mechanism in which the flow of species is 
dependent upon a gradient in concentration. Let the inert gas be labelled 
as species 1, and the sample vapor as species 2. The diffusion equations are 

J, = -D,,(dx,/dz) + CX+ (la) 

J2 = -D,,(dx,/dz) + cx2u (lb) 
where Jj is the flux, D,, is the coefficient of interdiffusion of the two gases, 
xi is the mole fraction of the species in the gaseous mixture, c is the total 
concentration of gas (i.e., xic gives the concentration of species i by 
Dalton’s law of partial pressures), and u is the mean molar velocity in the z 
direction (the direction of the capillary). The velocity u is made up of two 
components: (1) a diffusion velocity, and (2) a viscous flow velocity caused 
by the pressure gradient. For the Ruff experiment, the solution to the 
above equations is given by Motzfeldt et al. [l]. 
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Kvande and Wahlbeck [3] applied the same equations to the transpira- 
tion experiment. The experimental apparatus is depicted in Fig. 1 also. The 
sample is contained in a sample boat with entrance and exit plugs. A 
carrier gas flows through the apparatus, and the sample is transported from 
the boat area by diffusion and by bulk transport in the carrier gas. In this 
case, capillary flow will occur through the entrance and exit plugs. The 
solution of the equations applied to the transpiration experiment was given 
by Kvande and Wahlbeck [3]. Previous equations given by Mack and 
France [4] and by Merten [5] are special limiting cases of the Kvande- 
Wahlbeck results. 

Experimental studies were performed to verify the theoretical analyses 
for the Ruff experiments; verifying results were given by Motzfeldt and 
co-workers [1,6] and by Wahlbeck et al. [7,8]. 

TGA EXPERIMENTAL DESIGN 

The design of the TGA apparatus is shown in Fig. 1 using the design of 
the Du Pont apparatus. In this case the sample is contained in a sample 
boat which is suspended from a vacuum balance. A carrier gas is used 
which flows around the sample. The mass loss of the sample by vaporiza- 
tion is measured by the balance. Usually the temperature is ramped with 
dT/dt as a constant. 

In principle, the apparatus shows a remarkable likeness to the transpira- 
tion experiment. The similar parts are: (1) use of a furnace, (2) use of a 
carrier gas, (3) sample placement in a sample boat, (4) measurement of the 
temperature of the sample, and (5) measurement of the amount of sample 
transported. The differences are: (1) baffles in the flow of the carrier gas 
present in the transpiration apparatus are absent in the TGA apparatus, 
(2) the direct measurement of the mass of the sample by means of a 
balance attached to the sample in the TGA apparatus, and (3) the use of a 
constant temperature in the transpiration experiment and a temperature 
ramp in the TGA experiment. 

The data are provided as mass vs. sample temperature in the TGA 
experiment. The software supplied with the apparatus can provide the rate 
of mass loss vs. sample temperature. 

DEVELOPMENT OF TGA EQUATIONS 

Since the transpiration and TGA experiments are related, the equations 
developed for the transpiration experiment can be used directly for the 
TGA case. Let us begin with the following equations (their equations (13) 
and (14)) from Kvande and Wahlbeck [3] 

Pii =x&(Pi f [(& +&)/Cl + (A/C) ln[l -xZi(l - I)]) (2) 

xZi = [ tii,/(izi, + li,)] (1 - exp[ - (fir + &)/A]) (3) 
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where Pzi is the pressure of the sample inside the furnace zone, 
pressure of the carrier gas, hi is the rate of flow of the species i 

A = m2D’/RTl 

C = m4/16RT1q 

r=&m 

For the “capillary”, r is the radius and 1 is the length, R is the 

PF is the 

(4) 

(5) 

(6) 

universal 
gas constant, and T is the absolute temperature. The symbol D’ is the 
product of D,, and pressure P, and 77 represents the viscosity coefficient 
of the gas. 

We will assume that the logarithmic term in eqn. (2) in negligible; this 
gives 

or 

In the usual and elementary calculations for the transpiration experiment, 
the vapor pressure is calculated by 

P(calc) = [ iz2/( 4 + fi2)] PF (9) 

with the assumption that P(calc) is the equilibrium vapor pressure. Substi- 
tuting eqn. (9) into eqn. (8) one obtains 

Pi,=P(~alc)~(l - exp[ -(lir +iz2)/A])z(1 + [(fzI +iz2)/CPi]) (10) 

This equation may be rearranged for P(calc), the usual calculated quantity 

p(calc)2 = p,Z,/( 1 - exp[ - (iz, + ri,)/A])‘( 1 + [ ( izl + iz,)/CPi]) (11) 

For the usual experimental conditions, hi, x=- it,; i.e., the transport of the 
carrier gas is much larger than that of the sample. Thus, eqn. (11) becomes 

P(calc)2 = P&/(1 - exp[ -i~,/A]}~(l + [ iz,/CP,Z]) (12) 

or 

P(calc) = P,i/{l - exp[ -i~,/A])(l + [ ~z,/CP,Z])~‘~ (124 

Three different cases can be considered: (1) the usual elementary 
calculations give P(calc) = P,, when it is assumed that A = 0 and C = ~0; 
(2) at large flow rates (large ri,), the C term will be significant but the A 
term will not; and (3) at small flow rates, the A term will be significant but 
the C term will not. 
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TYPICAL. EXPERIMENTS AND DATA 

Experiment 1: temperature dependence 

The typical experiment has a known sample mounted in the sample boat; 
the mass of the sample is measured, the carrier gas flow is initiated at a 
fixed flow rate, the temperature is ramped, and the mass as a function of 
temperature is recorded. 

Consider the following model for the experiment. (1) Assume that the 
sample vaporizes and that the rate of vaporization corresponds to P(calc) 
given by eqn. (9). (2) Assume that the temperature dependence of the 
equilibrium pressure Pzi is given by the Clausius-Clapeyron equation (or 
the van? Hoff equation where Pzi is replaced by K, the equilibrium 
constant) 

In Pzi = - Av,,Ho/RT + A&P/R (13) 

where AvapHo and A&?’ are the standard enthalpy and entropy of 
vaporization, respectively. No sample cooling is assumed. Substituting eqn. 
(13) into eqn. (12) gives 

P(calc)* = exp( -2A “apHo/RT) exP(2A.,,SW)/ 

{l - exp[ -li,/A]}*( 1+ [ fi1/CPF2]) 

or 

P(calc) = exp( - Avap H”/RT) exp(A..,S”/R)/ 

(1 - exp[ -fir/A]){ 1 + [ ~z~/CP~])~‘* 

(14) 

At some temperature the sample will be exhausted, and a peak will exist at 
that temperature in the rate of mass loss vs. temperature. 

Consider data at constant flow rate of carrier gas fir for rate of mass loss 
vs. temperature prior to the temperature of the peak. The values of P(calc) 
may be calculated by eqn. (9) from the rate of mass loss, dG/dt. The 
fitting of such data to eqn. (14a) can generate values of AvapHo and a 
quantity which is a constant including A&? for the substance, iz,, A, C 
and PF. See Fig. 2 for a plot of ln(dG/dt) vs. l/T as an example; the data 
were obtained with Tl,O,(s) as sample with 0, as a carrier gas. The 
vaporization reaction was 

7J2W) + Tl*W + O*(g) (15) 

The slope of the data in Fig. 2 gives the A,,H” at 973 K, the mid 
temperature of the data. These data are reported in Exhibit 1. 

From the initial mass of the sample, and by summing the calculated 
amount of vaporization of the sample as the temperature increases, the 
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Fig. 2. Logarithm of (dG/dt) (arbitrary units) vs. reciprocal temperature for TGA data for 
the vaporization of Tl,O,(s). The line is a least-squares fitted line to the data with 
parameters reported in Exhibit 1. The quantity dG/dt is proportional to P[ll,O(g)], which 
is equal to P[O,(g)l. 

Exhibit 1 

Estimation of typical data for the TGA experiment 

r=3x10m3m 1=3X10-‘rn T=1OOOK 
D’=DP=30Ns-‘[l] 
n = 1.1 x 10e4 N s m-* [l] 

For Tl,O,(s) = Tl,O(g)+ O,(g) 
AvapHo = 297.37 f 3.29 kJ mol-’ of gas 
A,,,!?‘= 203.24k3.41 J deg-’ mol-’ of gas [9] 

T/K 
Fig. 3. TGA data for rate of mass loss vs. temperature for Tl,O,(s). The temperature 
dependence of the vapor pressure determines the curve up to the peak temperature. The 
peak results from the sample being totally exhausted. The solid line is a calculated curve 
(see text). 
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peak position in the TGA experiment may be computed; i.e. the tempera- 
ture at which the sample is exhausted. Figure 3 shows an experimental 
TGA data set with a calculated plot using the total mass and the data 
parameters obtained from Exhibit 1. The value of AvapHo was taken from 
the data given in Fig. 2, and the value of AvapSo was supplied by Wahlbeck 
et al. [9]. If vapor pressure data from Cubicciotti and Keneshea [lo] were to 
be used, the value of A$? would be different. In the experimental data, 
the peak is less sharp than in the calculated curve; this may be caused by 
sample cooling during rapid vaporization of the sample at or near the peak 
temperature. 

Experiment 2: carrier gas flow rate dependence 

The experiment cited above gives AV.,,Ho, and an additional experiment 
is needed to obtain A$?. In order to use eqn. (12) to determine the 
equilibrium vapor pressure, Pzi, it is necessary to do experiments at 
different flow rates. The data for P(calc) at a fixed temperature will be 
fitted to eqn. (12). 

Typical and estimated data for the above parameters are given in Exhibit 
1. 

From eqn. (9), P(calc) will be a function of the carrier gas flow rate, fi,. 
For the parameters given in Exhibit 1, the predicted data are given in Fig. 
4. The usual elementary value of P(calc) from eqn. (9) is indicated as a 
constant at unity independent of ri,. Also indicated on Fig. 4 are the 
calculated curves with C given by eqn. (5) and data from Exhibit 1 for the 
cases of A = 0 and A given by eqn. (4) and data from Exhibit 1. The 
intercept of the plot at unity gives the value of Pzi. As the flow rate 
increases to large values, P(calc) decreases from the value of Pzi leading to 

P2, = 1; c = 0.14 
Solid curve: A = 0.083 
Dashed curve. A = 0 

0.1 7 
0.0 1 .o 

sqr(l;J l/$&/s) 
3.0 

Fig. 4. Calculated curves for P(calc) vs. square root of the flow rate for the carrier gas. 
Parameters used in the plots are indicated on the figure. The fine broken line is a result of 
the usual elementary calculation giving Pzi independent of A,. 
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Fig. 5. Experimental data for P(mult) vs. square root of the flow rate for the carrier gas; 
Hmult) = P(calc)/P(ref). The data are for the vaporization of TI,O,(s). The straight line is 
a least-squares fitted line to data excluding the two lowest rates. The intercept of the line at 
zero flow rate corresponds to Pzi /P(ref). 

the typical condition of desaturation of the carrier gas. At very small flow 
rates, P(calc) can be larger than P2i, caused by diffusion of the sample 
from the apparatus. 

Figure 5 gives an illustration of the principles discussed above and shown 
in Fig. 4. The case is again the vaporization of Tl,O,(s) performed in the 
TGA apparatus. In this case, reference vapor pressure data are calculated 
from the enthalpy and entropy data of Exhibit 1. The ordinate of Fig. 5 is 
given as 

P(mult) = P(calc)/P(ref) (16) 
where P(ref) is the reference vapor pressure data. Note that the data 
shown in Fig. 5 are following the predicted shape given by Fig. 4. The data 
were analyzed in a simple way by fitting a straight line through the points 
with a flow rate greater than 0.676 cm3 s-l to give an intercept value of 

Heating rate = lO’C/min 
Solid line, initial mass = 1 mg 
Large dash, initial mass = 5 mg 
Small dash. initial mas = 10 mg 

Q 

1.0 

Flow rote//cc/s 

Fig. 6. Predicted peak temperatures in the TGA experiment as a function of initial sample 
mass with a heating rate of 10°C min ml plotted against carrier gas flow rate. 
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Fig. 7. Predicted peak temperatures in the TGA experiment as a function of heating rate 
with an initial sample mass of 1 mg plotted against carrier gasflow rate. 

P(mult) at zero flow rate which corresponds to P,,/P(ref). In the case of 
Tl,O,(s), the value of P,,/P(ref) was given as 1.44 + 1.38; this indicates 
that the intercept is close to unity within the uncertainty. Similar calcula- 
tions can be performed using the data of Cubicciotti and Keneshea [lo] as 
reference data. 

CONCLUSIONS 

The following conclusions were reached based on the study reported in 
this paper. 

(1) TGA experimental data can be analyzed with the transpiration 
theory. 

(2) The TGA peak position is dependent upon the amount of sample, 
the carrier gas pressure (P,), the carrier gas flow rate, the vapor pressure 
(T dependent) of the sample, and dT/dt. 

(3) The data for rate of mass loss vs. T yields A,H“. 
(4) Data for P(calc) vs. flow rate yields A,s” information. 
In view of point (2), peak positions in TGA experiments are meaningful 

and useful only if the variables of the experiment are specified; i.e. the 
vapor pressure dependence on temperature, the mass of the sample, the 
carrier gas, the carrier gas pressure and flow rate, and the temperature 
ramp rate. 

Figures 6 and 7 show predicted changes in the peak temperature of the 
TGA data depending on the independent variables of carrier gas flow rate, 
mass of sample, and heating rate. 
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