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A method for the determination of the change in enthalpy, entropy, and specific heat 
capacity for monovariant heterogeneous equilibria is presented. These quantities are 
obtained indirectly by measuring the temperature dependence of equilibrium pressures. At 
a given pressure of the relevant gas the corresponding equilibrium temperature is selected 
from the continuously recorded temperature cycling around this equilibrium temperature, 
with the aid of the mass of the condensed phase recorded at the same time. For the equilib- 
rium: CaCOa(s) = CaO(s) + COz(g), from 900 to 1175 K the results are as follows. 
For AX, = 0: log&/atm) = -8.828 x lV(K/?‘) + 7.572, with A,H” = 40.39 kc&, 
mol-I, and A,S” = 34.64 calth K-l mol-I. For A,C, = 13.1 Cal, K-l mol-I: log&/atm) 
= -15.227 - 5.819 x 103(K/Z’) + 6.596 logIO(T/K), with A,H”(T) = i26.62 + 13.1 x lo- 3 
(T/K)] kcal, mol-I, and A#‘(T) = {-56.53 + 30.16 logIO(T/K)} calth K-l mol-I. 

1. Introduction 

Experimental measuring techniques of thermodynamic constants yield, especially at 
high temperatures, results which are often not accurate enough for practical purposes 
and not sufficiently precise for theoretical calculations.(‘*2) The proposed method 
can be used to measure for certain chemical reactions the changes of enthalpy (A$), 
entropy (A$), and heat capacity (A$,>, which have the inter-relations: 

In K, = - A,H”(T)/RT+ArS”(T)/R, (1) 
in which 

K, = rIJ&zp. (2) 
is the equilibrium constant, and 

wfmw, = w,, (3) 
(aA$/aT)P = A&,/T. (4) 

In the present method the relevant activities in K, are measured as gaseous pressures. 
For simplicity in pressure handling we limit ourselves to a monovariant heterogeneous 
equilibrium involving only one gaseous reactant : 

ln(p/atm) = -A,W(T)/RT+A,S”(T)/R, (5) 
with the pure condensed phases and the pure gaseous phase at 1 atm pressure as 

69 
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standard states.7 From measured sets of equilibrium pressure and temperature the 
sought-for quantities can be calculated from equations (3) to (5). 

At the chosen and measured pressure the reactants are subjected to a cyclic 
temperature program, within narrow temperature limits, around the expected 
equilibrium temperature. This equilibrium temperature Tep is selected from a com- 
parison of the synchronously recorded mass and temperature of the condensed phases 
and iteratively enclosed in subsequent temperature cycles. The most important merit 
of temperature cycling is the check on the reversibility of the process under study, 
i.e. the gas-to-condensed phase exchange rate at equilibrium must be much larger 
than the net reaction rate close to equilibrium. The repeated cycling procedure 
elucidates the influence of morphological changes in the sample. Its structural and 
textural history is no longer important, once a reproducible mass pattern has been 
established. 

The thermal dissociation of calcium carbonate (calcite) was selected to check the 
method because of its reversibility and fast response known from many thorough 
studies. 

2. Experiment-d 

In the measuring cell (figures 1 and 2) pressure and flow rate, and temperature, are 
controlled and measured. The mass of the sample is measured and mass and tempera- 
ture are simultaneously recorded (figure 3). 

FIGURE 1. Scheme for pressure and flow control and -measurement. A, gas supply; B, gas 
purification-deoxygenating agent; C, gas pm%cation-drying agent; ’ D, gas dosage valves, both 
including a bypass (a); E, rotameter; F, measuring cell, Cahn RH electrobalance and DuPont 
1200°C high-temperature d.t.a. furnace with cyclic temperature program; G, oil manometer; 
H, reference pressure in thermostatted volume; K, mercury manometer; L, vacuum pump. 

PRESSURE AND FLOW 

In principle the pressure range should be as wide as possible to get information over 
a broad temperature range. Our method is limited on the low-pressure side, because 
it requires pressure and temperature conditions to be identical for reaction interface 
and gaseous bulk (limit 10m2 to low3 Torr for a kinetically unhampered process at 
best).(3y4) The upper limit of the pressure range is reached when some thermodynamic 
assumptions are no longer valid (compare discussion of “limiting factors” I(c) to 
l(f)), or when, apart from mechanical limitations, a blank run reveals considerable 

i Throughout this paper atm = 101.325 kPa; Torr = (101.325/760) kPa; cal, = 4.184 J. 
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FIGURE 2. Measuring cell with suspension system, sample holder, and thermocouple connexions. 
Suspension system: external diameter 3 mm, total length approximately 200 mm; A, glass tube; 
B, glass to quartz seal; C, quartz tube; D, quartz plug with notches for thermocouple wires; E, 
quartz wings with notches for sample holder; E, suspension system from below; F, platinum sample 
holder, internal diameter 7 mm, internal height 2.5 mm: G, thermocouple connexions: platinum 
wires to plugs on balance support; H, spiralized platinum wires, diameter 10 urn; I, small quartz 
tube for electrical insulation; J, platinum-to-platinum + 10 mass per cent rhodium thermocouple 
in sample; K, sensing thermocouple for operating temperature cycle limiting switches; L, thermo- 
couple for temperature rate control; M, sintered alumina tube. 

deviations of apparent mass. The noise level of the mass signal also has to be mini- 
mized at lowerC5,@ as well as to higher pressures, being strongly dependent on the 
geometry of the measuring cell(‘) (upper pressure limit lo4 to lo5 Torr). For reasons 
of experimental simplicity we used a carbon dioxide pressure of 10 to 760 Torr and 
measured it with a manometer. 

Gas flow must guarantee the programmed conditions. A minimum flow rate of 
10-r Torr dm3 s-l can be calculated, assuming a gas production or consumption rate 
of 20 pmol h-l and accepting 0.1 per cent pressure variation. The maximum flow 
rate is fixed at about 10 Torr dm3 s- ’ due to the noise level of the mass signal. We 
used a flow rate of about 0.38 Torr dm3 s-l and measured it with rotameters. The 
flow is regulated by matching gas inlet and outlet to each other in such a way that the 
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FIGURE 3. A temperature cycle around the equilibrium temperature and the resulting mass 
curve for the reaction: CaCO&) = CaO(s) + COz(g), at a CO2 pressure of 757.7 Torr. The distur- 
bance in the temperature pattern is caused by lack of programming when the cycle-limiting switch 
at the maximum temperature is pushed. It has, as shown, no noticeable effect on the mass signal. 
The shift of temperature and mass curve with respect to each other is caused by different positions 
of the two recorder pens on the time axis. 
Curve a, mass pattern. Curve b, temperature pattern. 

cell pressure is maintained constant against a previously adjusted constant reference 
pressure with the aid of an oil manometer.? The sum of the pressures indicated by 
oil manometer and mercury manometer, the last measuring against vacuum (10m2 
Torr), gives the pressure in the cell with a precision of 10-l Torr. 

TEMPERATURE 
The temperature range is determined by the chosen pressure range and the Afi and 
A,S values of the process under study. The temperature program is characterized by 
time function and amplitude of the cycle and by the location of Teg between the 
limits. For programmed conditions and still detectable and informative reaction 
rates, the heating and cooling rate and the amplitude should be as small as the kinetics 
of the process permits (in this case mostly linear 2 K mind1 with amplitude between 
5 K and 15 K). The true equilibrium temperature can be iteratively approached by 
adjusting the amplitude and limits of the temperature cycle in such a way that the 
arithmetic mean of subsequent maximum and minimum masses is constant, and the 
difference between the temperature at which the first mass loss is detected (Tdec), 
and the temperature at which the first mass gain occurs (T,,,), is minimal. 

The temperature sensor (thermocouple) must be placed at the reaction interface. 
As a consequence thin electrically highly conducting wires, spiral&d perpendicular 
to the weight force direction in order to minimize the disturbance of the mass signal, 

t Afterwards we turned to a capacitative pressure transducer unit for measuring and control 
purposes.(8*s) The success of such a sensitive capacitance manometer was demonstrated in static 
equilibrium measurements at a ug level of sampling by Turcotte et ~1.‘~” 
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should be used as connexions between the mobile and rigid parts of the balance 
(figure 2). To obtain a reproducible external geometry of the suspension system at 
any temperature the electrically isolated thermocouple wires should be mounted in 
a rigid and therefore voluminous suspension system. The use of a glass quartz tube 
of the given dimensions with two small openings at the high-temperature side, a 
sealed low-temperature side, and a small axial surface in the inhomogeneous tempera- 
ture zone@) between balance compartment and measuring cell does not raise the noise 
level of the mass signal. The potential difference of the calibrated thermocouple with 
a reference couple at 273.16 K is partially compensated with a stable bias potential 
from a mercury battery in order to get a more sensitive recorder registration (1 mV 
full scale). An ultimate overall precision better than 0.5 K is reached. 

MASS 

A sensitive mass signal, primarily used to determine the equilibrium temperature, is 
also able to detect other quantities such as the extent and rate of the reaction, 
deviations from equilibrium conditions, and the variation of pressure and flow. 
Fortunately, also as a consequence of the narrow temperature limits of the cycle, a 
blank run does not detect any disturbing effects. Due to the noise level of the mass 
signal at high temperature, dependent on many experimental factors,(7,11-13) the 
sensitivity limit is found in the ug range. Theoretically two decades more can be 
informative.‘5’ The best accuracy and precision (2 to 6 ug) of the mass signal are 
reached in the selected pressure range (10 to 760 Torr). The amplitude of the mass 
cycle can be chosen between 10 and 50 ug by iterative adaptation of the temperature 
program. The mass of the sample is measured by means of a Cahn electrobalance 
(RH type) and, together with its temperature, recorded on a two-channel Leeds and 
Northrup instrument (Speedomax XL 682). 

SAMPLE 

The condensed phase sample must have a well-defined initial condition with respect 
to purity, structure, texture (particle size), and amount.(“i4) In view of the charac- 
teristics of the cyclic method, the choice of sample pellets (better heat transport)(15) 
or loose powder (better mass transport) is irrelevant since the sample gets a new 
reproducible thermal history during subsequent cycles. Nevertheless we used an 
initially well-defined particle size. As a consequence of our conditions of noise level 
and amplitude of the mass signal the minimum mass of sample should be about 1 mg . 

PROCEDURE 

The mass of calcium carbonate (calcite, Baker pA, sieved to a particle size of 58 to 
69 urn) is chosen between 8 and 15 mg per measurement. After hanging the sample 
holder on the suspension system and closing the measuring cell, the pressure is 
reduced to about 10-i Torr and the desired gas is let in. This cleaning of the atmo- 
sphere is repeated a few times and the ultimately desired pressure is set up. After 
closing the by-passes the dosage values are iteratively adjusted, so that pressure 
constancy is reached at the wanted gas flow-rate. To ensure a reproducible prehistory 
for each measurement a linear heating rate of 5 K min-l is used until the reaction 
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has proceeded to the desired extent. Subsequently the appropriate amplitude of the 
temperature cycle, usually 5 K min-r, is adjusted with two mechanical switches on 
the DuPont 900 Thermoanalyzer. These are operated by the recorder of this instrument 
registering the temperature signal of thermocouple K (figure 2) and convert the 
chosen heating mode into a similar cooling mode and vice versa. Thereafter the 
heating/cooling rate is lowered to a more acceptable value (mostly 2 K min-I). 
The temperatures, Tdec and T,,,, as found with the aid of the mass cycles (compare 
figure 3), are used for calculation together with the relevant pressures. 

CALCULATIONS 
For small temperature ranges or limited accuracy of the (p, T) sets, AI,H”(T) and 
A,S’(T) should be taken as temperature independent (A$, = 0). By the least-squares 
method only mean values can be found with equation (5). However, A,H”(T) and 
A,S(T) are functions of temperature just as is Arc,(T). To obtain these thermo- 
dynamic functions and their associated standard errors for a wider temperature range 
and more accurate (p, T) sets, we used the method of Clarke and Glew.(16) They 
expressed A,,H”(T) and A&Y,(T) as a perturbation on the corresponding value at a 
chosen reference temperature 8, using a Taylor’s series expansion, and then re- 
arranged equation (5) to: 

R In(p/atm) = -All,c”(0)/~+A,H”(~){1/~-l/T)+A,C,(8)((~/T)-1+ln(T/~)) 
+(e/2)(dA,c,(T)/dT),((T/e) -w-)-2 WV)). (6) 

To obtain the constants in (6) the difference between the right-hand side of this 
equation for a certain Ti and the left-hand side for the correspondingpi,? is minimized 
with respect to these constants by the method of least squares. Their values and 
standard errors at reference temperature t? are thus calculated using a computer 
program developed by de Kruif et ai. (l’) The termination of series (6) depends upon 
the accuracy of the experimental (p, T) resuhs. For Arc,(T) = A$,(@) equation (6) 
can be simplified to: 

where 
log,,(p/atm) = A -B/T+ C log,,(T/K), (7) 

A = a,sye)pr - A,cp(ey2r - {a,c,(e)/R}l0g,,(e/K), B = A,xye)pc - eA,c,(e)pr, 
C = A&,(0)/R, and R’ = R In 10. The method is meaningful only when the graph 
of log,,p against l/T shows a significant curvature. 

3. Results 

The pattern of the mass function of calcite depends on the pressure and the charac- 
teristics of the temperature program. The location of Teq between the temperature 
limits determines the extent to which the mean sample mass changes during repeated 
cycling. Tdec for the first cycle is always found to be higher than for subsequent 
cycles. In the low-pressure range (7 to 15 Torr) it was possible to enforce a repeating 
but damped mass cycle, only if the sample was first heated a few daK above the 
ultimate equilibrium temperature. The equihbrium temperatures found for the calcite 

t pr and Ti form the i’th (p, T) set. 
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decomposition are not noticeably influenced by the amplitude of the temperature 
cycle and the extent of the reaction. 

The computer program was checked with the experimental pressures and tempera- 
tures of Hills,(‘*’ whose detailed results seem very reliable among the abundant 
literature about the calcite dissociation: 
Hills: ArHo: (39.11 rt 0.20) kcal,, mol-‘; AJo: (33.1 + 0.2) Cal,, mol-‘. 

Our calculation: A&P: (39.15 ) 0.26) kcal,, mol-‘; A$‘: (33.26 + 0.24) 
calth K-l mol-l. 

Table 1 contains a series of 42 measured (p, T) sets. The results in tables 2 and 3 
show that, even with a small number of measurements, reasonably good thermo- 
dynamic values are found. At a given precision of p and T an increasing number of 
sets obviously increases the precision of the thermodynamic information. Further, a 

TABLE 1. Equilibrium measurements of temperature and COa pressure for the reaction 
CaCO,(s) = CaO(s) + CO%(g). (6 = 1073.16 K) a 

(Torr = 101.325/760 kPa) 

T P T P T P T P T 
z it it K 

-_ 
ii 

P 
Torr Torr Torr Torr Torr 

1168.7 785.7 1107.9 
1165.2 157.7 1107.7 
1149.7 621.1 1111.5 
1138.2 500.9 1107.7 
1124.0 399.9 1107.5 
1122.2 398.0 1097.7 
1111.7 325.8 1086.0 
1109.7 322.1 1086.7 
1109.2 306.7 1069.7 

306.6 
306.5 
306.4 
306.5 
306.3 
259.1 
212.1 
211.2 
167.7 

1072.7 
1059.7 
1054.2 
1040.2 
1021.5 
1022.7 
1020.7 
1012.2 
1012.7 

167.3 1007.2 47.8 957.2 18.1 
136.0 999.2 39.7 943.7 12.5 
120.0 991.7 34.7 938.7 12.0 
91.2 991.2 34.2 927.2 8.0 
66.0 972.2 24.0 922.7 8.0 
65.7 964.7 20.1 914.2 6.7 
64.0 962.7 19.7 
55.2 958.5 18.7 
53.8 959.7 18.5 

a For thermodynamic data from these (p, 7’) sets, compare the results for N = 42 in tables 2 and 3. 

comparison can be made between the different ways of handling the characteristic 
temperatures Tdec and T,,,. First it can be assumed that, at the same pressure, Teq 
lies between Tdec and T,,. Then the arithmetic mean of Tdee and T,, will be a good 
estimate of Teq (compare table 2: 1 to 3, and table 3: 1 to 3). This agrees with a 
theoretically based conclusion for a somewhat different temperature program.(’ g, 
In a second approach, also used by Hills” *) in his isothermal equilibrium experiments, 
T,,, and T,,, at the relevant pressure are handled as if each temperature value is a 
good estimate of T,, (compare table 2: 4, 5, and table 3 : 4, 5). Subsequently it is 
also informative to handle only the Tdec values as representative for Tes or conversely 
T,,, as Teq (compare table 2: 6, 7 and 8, 9, and table 3: 6, 7 and 8,9). 

The difference between the results from the former two methods is small and the 
expected decrease of precision is found solely in the approximation A&, = constant. 
The latter two methods give divergent results but the average of each of the thermo- 
dynamic values is quite close to the results of the first ones, inherent in the calculation 
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TABLE 2. Thermodynamic quantities for the reaction CaCOs(s) = CaO(s) + COz(g) 
assuming A&, = 0 

(calth = 4.184 J) 

Series 
number 

Iv 
Mode of T data 

input 

8 
42 

344 

7: 
20 

370 

A,H” AX 
103 calth mol-l c&, K-l mol-l 

40.21 f 0.68 
40.21 Ilt 0.14 
40.39 rt 0.08 
39.15 It 0.26 
40.29 & 0.08 
39.66 f 0.36 
40.25 rt 0.08 
38.65 + 0.23 
40.44 + 0.10 

34.48 + 0.63 
34.49 f 0.13 
34.64 rt 0.07 
33.26 + 0.24 
34.56 rt 0.07 
33.68 i 0.34 
34.61 i 0.07 
32.83 Ifr: 0.21 
34.60 f 0.09 

a Data from Hills.“*) 

TABLE 3. Thermodynamic quantities for the reaction CaCO,(s) = CaO(s) + CO,(g) 
assuming A&, = constant. (0 = 1073.16 K) 

(Cal, = 4.184 J) 

Series N 
number 

Mode of T data 
input 

&H”(@ &S’=(e) Arc, 
i&al,, mol - 1 calth K-l mol-1 calth K-l mol-’ 

1 8 
2 42 
3 338 
4 40 
5 734 
6 
7 3: 
8 20 
9 361 

40.01 + 1.53 34.30 zt 1.43 5.9 & 40.5 
40.49 f 0.23 34.74 Tk 0.21 6.6 + 4.3 
40.68 rt 0.09 34.89 + 0.09 13.3 & 2.1 
39.24 + 0.28 33.32 f 0.26 6.6 It 8.4 
40.66 f 0.11 34.87 & 0.10 12.5 f 2.4 
39.82 f 0.39 33.81 & 0.36 12.4 rt 11.6 
40.26 + 0.11 34.61 + 0.10 0.9 f 2.4 
38.66 rt 0.25 32.84 i 0.24 1.1 + 7.6 
41.13 + 0.12 35.19 f 0.11 23.3 & 2.7 

a Data from IIill~.‘~*~ 

procedure. However, this divergence supports the compelling requirement of 
approaching the equilibrium conditions from both sides and thus the use of a cyclic 
method as recommended here. 

Substitution of the most reliable data (compare table 2 : 3 and table 3 : 3) in equation 
(7) yields for the reaction CaCO,(s) = CaO+CO,(g) in the temperature range 900 
to 1175 K: 

For A& = 0: log,&/atm) = -8.828 x 103(K/T)+7.572, (8) 

i.e. A,H” = 40.39 kcal, mol-’ and A$” = 34.64 cal, K-l mol-I. 
For A$, = 13.1 Cal,,, K-l mold1 : log,,(p/atm) = -15.227-5.819 

x 103(K/T) + 6.596 log,,(T/K), (9) 

i.e. A,H’(T) = {26.62+13.1 x 10a3(Z’/K)} kcal,, mol-l and A,S”(T) = (-56.53 
+30.16 log,,(T/K)) cal, K-l mol-‘. 
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TABLE 4. Thermodynamic quantities for the reaction CaCO&) = CaO(s) + CO*(g). A comparison 
of our results with those found by some other authors, either given by them or calculated from their 

results 
(calth = 4.184 J; atm = 101.325 kPa) 

Author 
&H”(B) 

kcalth mol - 1 
A,S”(@ 

Cal,, K-l mol-1 
e 
ii 

Hillsu8’ LL 
Maurascao) * 
B&er’Z1’ a. C 
Rock@’ 
Landolt-Blirnstein(23) 
Rossini(Z*’ 
Gorbunov(25) 
This work Q 
This work 

39.1 -+ 0.1 33.1 & 0.2 
44.63 37.67 
38.0 rt 0.5 32.4 
39.53 33.92 
42.1 38.1 
42.6 38.4 

40;9 i 0.08 
40.68 & 0.09 

- 
34.64 f  0.07 
34.89 & 0.09 

- 
-3.97 

- 
-5.36 
$0.46 
+0.47 
+30.94 

113-1 & 2.1 

- 
1073 
- 

1000 
298 
298 

1073 
- 

1073 

o Straight line approximation (A&,(0) = 0). 
b Calculated from equations given by these authors. 
0 Pressures between 1 and 300 atm. 

A comparison of our results in table 4 with those obtained by other authors shows 
very good agreement for A,H” and A,S”, while A$, falls within the range of the 
widely divergent results of others. 

4. Discussion 
The proposed method, mass and temperature measurement at an adjusted pressure, 
is appropriate for determinations at higher temperatures.@j) Expecially in the 
temperature range above roughly 800 K, e.m.f. and pressure measurements become 
competitive in accuracy with high-temperature calorimetric methods. The applic- 
ability and accuracy of the latter decrease significantly at higher temperatures (up to 
1000 K: precision 0.5 to 5 per cent, with accuracy a factor 2 to 3 times higher).f27) 
Moreover in view of their temperature-dependence, measurement of H", S”, and C,, 
or their reaction values, in the temperature range of interest is necessary. Extra- 
polation from any other temperature range may be misleading, and the effect might 
accumulate for the combination to reaction values. This can be demonstrated by 
substituting T = 298 K in equation (9) and assuming that our A&,(B) value is 
correct. The results differ widely from the tabulated’24’ data (A,H”(298 K) = 30.53 
and 42.6 kcal, mol-l and A$“(298 K) = 18.09 and 38.4 Cal,, K-l mol-‘). 

The proposed dynamic method combines advantages from the other pressure- 
measurement methods (for classification of these methods compare Kubaschewski 
et LzZ.):(~’ control on accuracy and precision of the relevant parameters, their 
representativity for equilibrium conditions, and the possibility of measurement and 
control of the gas composition. For, reliable information about pressure and tempera- 
ture in the sample is possible only at low reproducible reaction rates.(3* 30) Otherwise 
the response of reactant on “thermal stress” gives information which is not characteris- 



1056 A. H. VERDONK, J. NEDERMEIJER, AND J. W. LAVERMAN 

tic for the reaction, but only an artifact of the experimental procedure.(14) We stress 
that approach to equilibrium from both sides is necessary for indirect methods to 
give chemically relevant results. Moreover, the method is fast and reveals, by its 
cyclic character, the influence of repetitive measurements. 

In principle this method can be applied to obtain thermodynamic as well as overall 
kinetic information about heterogeneous equilibria with one, or more than one, 
participating gaseous component. Sublimation, evaporation, gas adsorption, and 
surface energy studies seem possible, though extension to systems with several 
components in the condensed phase is less probable due to possible non-equilibrium 
conditions. 

Any periodic temperature function cycling around the equilibrium temperature 
can be used to enforce repeated decomposition and recombination reactions. The 
triangular function used thus far is satisfactory for equilibrium studies. A small 
amplitude sinusoidal signal (likely to cause a similarly shaped mass response) is now 
under study. From the expected “thermal impedance” response chemical kinetics 
may probably be split from the other components in the overall kinetics.(36’ 

Our method also combines advantages of some other thermal analysis methods.(3y 
I53 ‘*-‘O, 28-34) The “quasi-isothermal thermogravity” of Paulik and Paulik,(35) using 
the mass-loss rate to control heating, is also called “quasi-isobaric” due to the use of 
a “self-generated atmosphere” procedure. This procedure, introduced by Garn and 
KesslerC3’) and reviewed by Newkirk,(38) gives, with its irreproducible premeasure- 
ment procedure, large response time and inaccurately known partial or total pressure 
and sample temperature, only method-dependent information. 

The present method naturally has some limiting factors: 

1. Equation (1) can give adequate thermodynamic information only if (a), equilibrium 
conditions are assumed; (b), if no synchronously occurring parasitic processes are 
involved; and (c) if no phase transitions occur in the temperature and pressure 
range of interest; otherwise corrections for phase transitions can be made. For 
the conversion of K, into pressure, the components in the condensed phase (d),t 
are assumed to have thermodynamic potentials which are independent of pressure; 
and (e) their mutual solubility has to be negligible, and consequently their activities 
equal to 1; and (f), the components in the gaseous phase have to be ideal gases. 
Solid phases often fulfil the demand of mutual insolubility but liquid phases less 
often. In the case of limited solubility in the condensed phase, pressure measure- 
ment at the same solution composition and different temperatures gives the partial 
enthalpy of solution of the volatile compound. 

2. The accuracy and precision of the obtained thermodynamic results are principally 
determined by the differences between Tdeo T,,,, and Teq. The first two are not 
only dependent on the applied temperature program, but also on the conversion 
limiting steps as chemical kinetics, mass- and heat transport, sample crystal 
structure, -texture and -geometry. 

3. The applicability of both pressure and e.m.f. methods is limited, because the 
chemical reaction to be investigated must be reversible and capable of being 

t The applied pressure should be negligible compared with the interaal pressure. 
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realized in a heterogeneous condensed phase or gas equilibrium in a galvanic cell 
in such a way that a relevant pressure or e.m.f. is produced. All methods, either 
direct (calorimetric) or indirect (activities and e.m.f.) have their own range of 
applicability and provide supplementary information. 

The difference between the actual temperature or pressure at the reaction interface 
and the corresponding measured value is difficult to estimate. Nevertheless in the 
temperature range of interest a thermocouple micro-sample combination seems the 
best of the known possibilities. At higher temperatures other sensors such as pyro- 
meters should be considered.‘3p’ Pressure measurement is not even possible inside 
the measuring cell and thus the pressure gradient between cell and sensor must either 
be minimized with a broad and short connexion between both or be known to allow 
corrections. Pressure correction is in our case not necessary, even when using gas 
mixtures in the low pressure range (E 10 Torr), but nevertheless can be simply 
made (4% 4117 

Moreover, especially in kinetics, complications arise from diffusional effects. When 
the mechanism of gas production or consumption is hampered the existence of non- 
equilibrium conditions is conspicuous where other methods meet with difficulties.(43) 

However as the partial pressure of reactant gas decreases and the supply for the 
recombination reaction becomes increasingly rate determining, our cyclic method 
also becomes less sensitive. The problem of capacity and rapid response of the 
gaseous reactant is a general one in pressure controlling methods.# 

We tacitly assumed that the measured pressures are all subject to the same relative 
error. This assumption is not justified and in future an improved version of the 
computer program will be used, accounting for the absolute errors in the pressure 
values.(“) As a consequence the degree of curvature of the curve of lnp against l/T 
and thus A$, may not be as reliable as it seems. 

In conclusion, the proposed method permits the determination of the reaction 
enthalpy, entropy, and specific heat capacity for a monovariant heterogeneous 
condensed phase/gas equilibrium. The repetitive cycling in this dynamic method 
gives a control on the reaction reversibility and improves the quality of thermodynamic 
information, since the influence of temperature and sample prehistory is visualized. 
The authors wish to thank Professor Dr W. van Go01 for suggesting the idea of 
“cycling” to us, and putting this article in order, Mr A. Broersma for his technical 
assistance, Dr G. H. J. Broers for encouraging discussions and critically reading the 
manuscript, and Mrs J. Overeem-Zeyl and Miss J. van Randwijk for typing this 
contribution. 

-i-In order to minimize disturbances in the mass signal in the “under convectional” range of 
pressure (10m3 to 20 Torr) dilution with inert gas to a total pressure above 20 Torr can be used.(42’ 
Systems containing more than one gas may be subject to errors due to thermal diffusion. These 
diffusional effects can be eliminated by a sufficient flow rate especially in the narrow parts of the 
system. 

$ E.g. in the study of oxide equilibria Hz + HZ0 or CO + CO, equilibrium gas mixtures or for 
extremely low pressures, an equilibrium mixture of an alkaline earth metal and its oxide.ca) For 
preparation of gas mixtures see Schwerdftfeger and Turkdogan.(44) 
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