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Thermal analysis techniques suffer from the lack of reproducibility and are difficult to quantify. 
This study addresses the significant variables responsible for these drawbacks and explores the 
possibility of the precise determination of the enthalpy of a desired reaction using differential 
scanning calorimetry (DSC). A method in which the significant experimental variables are extrapo- 
lated is proposed for two types of gas-solid reactions of interest to catalysis. The reduction of PtO 2 
and PtCI2, in addition to the decomposition of calcium oxalate, is reported. The method successfully 
yields enthalpies of reaction which are in agreement with enthalpies calculated from heats of 
formation reported in the literature. © 1990 Academic Press, Inc. 

INTRODUCTION 

The process of catalyst reduction and ac- 
tivation is undoubtedly significant in cataly- 
sis as it has implications for the structure 
and morphology of the resulting catalyst. 
The morphology, in turn, controls both the 
activity and performance of the catalyst. 

In catalyst characterization studies, var- 
ious techniques are currently used to study 
the kinetics and the mechanism by which 
the reduction process occurs. Among these, 
temperature-programmed (TP) techniques 
are of particular interest. These techniques 
are generally based on the measurement of 
compositional changes in gaseous reactants 
or products as a function of catalyst temper- 
ature. The heat liberated during reaction is, 
of course, dependent on the particular phase 
change or reaction involved. These tech- 
niques have been used primarily as qualita- 
tive tools and give little or no quantitative 
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information regarding enthalpies of the reac- 
tions involved. Another drawback to the use 
of conventional TP techniques is the lack of 
reproducibility from one laboratory to an- 
other or even from one experiment to the 
next. This may arise from the vulnerability 
to artifacts caused by heat or mass transfer 
effects, which are generally overlooked. 
This study attempts to clarify the effect of 
these artifacts and to explore the feasibility 
of the quantitative determination of the en- 
thalpy of a desired reaction using differential 
scanning calorimetry (DSC). Although 
some investigators (1) have measured heats 
of adsorption of several gases on supported 
metal catalysts, the enthalpies of gas-solid 
reactions such as reductions or decomposi- 
tions using DSC have not yet been reported. 

REVIEW OF THERMAL ANALYSIS: 
CAPABILITIES AND APPLICATIONS 

Subsequent to their development, ther- 
mal analysis techniques (TA) have been 
used in preference to the older adiabatic ca- 
lorimetric devices, which were usually oper- 
ated under isothermal conditions. The ad- 
vantages of TA techniques include: speed 
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and simplicity of operation, small sample 
size requirements, and convenience. Unfor- 
tunately, a disadvantage commonly encoun- 
tered is the difficulty of quantifying the re- 
sults. TA techniques have found widespread 
application in areas as diverse as quality 
control in pharmaceuticals (2) and materials 
science and polymers (3-6). Among the TA 
techniques, the two that have the potential 
for providing enthalpy information are dif- 
ferential thermal analysis (DTA) and differ- 
ential scanning calorimetry (DSC). In a con- 
ventional DTA apparatus, the difference in 
temperature between a sample cell and an 
inert reference cell is measured as a function 
of either temperature or time, as the temper- 
ature is increased at a constant rate. The 
integrated area under a specific peak of the 
resulting exotherm or endotherm should be 
proportional to the enthalpy corresponding 
to that transition. In this technique, the pro- 
portionality constant relating peak areas to 
enthalpies is a function of temperature. DSC 
was first used by Watson et al. (7) and was 
designed to measure the differential electri- 
cal power required to maintain both the sam- 
ple and reference holders at the same tem- 
perature while both are heated at a constant 
rate. Unlike DTA, the conversion of peak 
area to heat either evolved or absorbed dur- 
ing a transition, as measured by DSC, in- 
volves a single electrical conversion factor. 
This conversion factor is independent of 
temperature and other experimental condi- 
tions and, therefore, DSC can be used to 
measure enthalpies directly. 

A large number of theoretical and empiri- 
cal approaches have been employed in an 
attempt to quantify results of DTA. These 
studies have proved to be unsuccessful in 
accurately quantifying experimental results. 
An in-depth study which deals with the ef- 
fect of the relevant experimental variables 
such as heating rate, sample size, and dilu- 
tion has been performed by van Dooren and 
Muller (8). They concluded that these ef- 
fects could not be systematically quantified. 
A series of DTA measurements performed 
on a variety of different samples were ana- 

lyzed by De Bruijin and Marel (9). They 
concluded that DTA could not be used for 
precise quantitative analysis. Boersma (10) 
pointed out that due to the dependence of 
the proportionality constant on apparent 
sample density and sample thermal conduc- 
tivity, quantitative DTA using conventional 
methods was inherently impossible. Ozawa 
(11), on the other hand, published a new 
simple and convenient technique by which 
DTA results could be quantified. This tech- 
nique was based on the consideration of 
temperature gradients within the sample. 
An analytical evaluation of the DSC method 
was given by J. H. Flynn (12). He concluded 
that corrections for various instrumental 
time constants were required in order to ob- 
tain meaningful results. He also asserted 
that DSC can be used to determine enthal- 
pies of phase transitions to an accuracy of 
within 1% when the baseline is unambigu- 
ous. A theoretical analysis of peak heights 
obtained using both DTA and DSC was 
given by Saito et al. (13). These authors 
reported that the limiting peak height ob- 
tained at an infinite heating rate was inde- 
pendent of the amount of sample and could 
be related to reaction enthalpies. The analy- 
sis of gas-solid reactions was first per- 
formed by Stone (14), who studied the effect 
of pressure and atmosphere on DTA using 
a dynamic gas technique. In a recent study, 
Chou and Vannice (1) measured the heats 
of adsorption of H2 and CO on unsupported 
and supported Pd catalysts. 

THE BASIC HEAT TRANSFER EQUATIONS 
GOVERNING DSC 

Theoretical treatments of both DTA and 
DSC have been reported by several research 
groups (10, 15-18). A treatment related to 
the measurement of reaction enthalpies is 
presented here. 

The heat transfer parts of a typical DSC 
consist of a sample and its holder at a tem- 
perature T~, a source of thermal energy at a 
temperature Tp, and an intermediate region 
characterized by a thermal resistance R 
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FIG. 1. Heat transfer parts of a DSC. A boundary 
layer of evolved gas introduces additional resistance 
on the sample side. 

(Fig. 1). Energy flows to or from the sample 
at a rate dqs/dt. A t  energy balance over the 
system requires that at any instant energy 
generated by the sample, dh/dt, either in- 
creases the sample temperature or is dissi- 
pated to the surroundings. This may be 
mathematically expressed as 

dh C dTs dq~ (1) 
d'--~ = s -dt dt ' 

where C~ is the heat capacity of the sample 
and its pan. Furthermore, the rate of beat 
loss to the surroundings may be expressed 
by Newton's  law of cooling, i.e., 

dq__.2 _- Ts - Tp (2) 
dt R 

Taking the derivative with respect to time 
and rearranging yields 

dT s = d.Tp R d2qs (3) 
dt dt dt 2 " 

The combination of Eqs. (1) and (3) results 
in 

dh cs (dTp d2qs~ dOs 
dt  = \ dt - R-~fi-]  dt" (4) 

After writing similar equations for the refer- 
ence side, for which dh/dt = 0, and sub- 
tracting it from the sample side, the equation 

dh dq + (C~ - C r) dTp d2q 
dt  = - d t  - ~  - R C s d t 2 

I II III (5) 

is obtained, where Cr is the heat capacity of 
the reference pan and q = qr - qs is the net 

heat flow. It follows that dh/dt consists of 
three terms, the first term being the signal 
measured from the baseline, the second 
term being the baseline displacement due 
to the heat capacity difference between the 
sample and the reference, and the third term 
being the slope of the curve multiplied by a 
constant RCs. This equation suggests that 
the area under a DSC peak is directly equal 
to the enthalpy change, AH, provided that 
the following conditions are met: 

(1) The sample temperature, Ts, is uniform 
throughout the sample. This condition is sat- 
isfied when the sample is small or when it is 
a very good thermal conductor. 

(2) The thermal resistance of the interme- 
diate region, R, is the same for both the 
sample and the reference. 

(3) Both Cs and R are constant over the 
temperature range used. 

EXPERIMENTAL 

Materials and supplies. PTO2(85.91% Pt) 
and PTC12(73.21% Pt) were purchased from 
Strem Chemicals (Newburyport, MA). The 
CaC204 • H20 was obtained from Fisher Sci- 
entific Co. (Fair Lawn, N J). Gases were all 
ultrahigh purity grade and were purchased 
from the Linox Co. (Hillside, IL). They 
were subjected to further purification by 
passing them through an oxygen trap (Su- 
pelco) and a molecular sieve which was 
cooled by means of a dry ice/acetone bath. 

Differential scanning calorimeter. A 
commercial Perkin-Elmer DSC-7 calorime- 
ter was modified for continuous flow opera- 
tion as follows: (1) The gases were mixed 
and the total purge gas flow rate was con- 
trolled using electronic flow controllers (Ty- 
lan Corp., Carson, CA); (2) the sample and 
reference outlet lines were separated and 
similar flow rates were obtained through the 
use of adjustable needle valves, and (3) the 
Pt sample pan covers were perforated and 
the aluminum covers discarded in order to 
obtain a better gas-solid contact. 

Calibrations for temperature and enthalpy 
were performed using the melting transi- 
tions of indium and zinc standards. An 
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empty aluminum pan was placed in the ref- 
erence cavity for each reduction experi- 
ment. A dehydrated calcium oxalate sample 
was used as the reference for the dehydra- 
tion experiments. Weight changes upon re- 
duction or decomposition were recorded us- 
ing a Sartorius electronic microbalance 
which had a precision of 0.1 mg or an accu- 
racy of 0.05 rag. The values of temperature 
and enthalpy for each experimental data 
point reported is the average of three runs 
under identical conditions. The error bars 
on graphs indicate the margin for a 99% con- 
fidence level, i.e., x = /x + 30-. 

A diagram of the DSC and the associated 
flow system is shown in Fig. 2. 

RESULTS AND DISCUSSION 

In order to quantify enthalpies of reac- 
tion, two types of gas-solid reactions were 
studied: 

(1) Decomposition. In this case, the sam- 
ple is decomposed or dehydrated upon heat- 
ing. This results in the evolution of gaseous 
products which form a boundary layer 
around the sample. The thermal conductiv- 
ity of the intermediate region, with respect 
to that of the reference side, is changed as 
a result of the formation of this boundary 
layer (Fig. 1). 

(2) Reduction. In this case the purge gas 

contains hydrogen, which is consumed dur- 
ing the reaction. Additionally, a gaseous 
product such as water or hydrogen chloride 
is evolved. The change in the thermal con- 
ductivity of the intermediate purge gas re- 
gion occurs as the result of both the con- 
sumption of hydrogen and the evolution of 
gaseous products. 

In both types of reactions a dissimilarity 
between the thermal resistance of the sam- 
ple and the reference is created. This dissim- 
ilarity can be particularly large when the 
thermal conductivity of the purge gas (he- 
lium, for example) is significantly different 
from that of the gaseous products evolved 
(1). Thermal conductivities of several gases 
of interest are shown in Table 1 (19). Be- 
cause the thermal conductivities of N2 and 
Ar are reasonably close to that of water, the 
use of either of these purge gases represents 
a good choice when water is a reaction 
product. 

In measuring enthalpies for dehydration 
reactions, accurate values will be obtained 
only when ideal conditions, as outlined 
above, are approached. This suggests that 
(1) the sample temperature, Ts, must be uni- 
form and that, (2) the thermal conductivity 
of the purge gas should be equal to that of 
the evolved gas. Under these conditions, 
the thermal resistance, R, for the sample 
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TABLE I 
Thermal Conductivities of 

Some Gases at Room Tempera- 
ture (25°C) in W/(m K) (Ref. 
(19)) 

Gas Thermal conductivity 
(W/(m K)) 

H2 0.1750 
He 0.1470 
02 0.0263 
N2 0.0255 
CO 0.0248 
H20 0.0179 
Ar 0.0174 

CO 2 0.0169 
HCl 0.0148 
C12 0.0092 

side will approach that of the reference side 
and Eq. (5) will be valid. Two sets of experi- 
ments were performed to test this hy- 
pothesis: 

(1) The dehydration temperature, T, and 
the enthalpy change, AH, were measured 
using different sample sizes and the results 
were extrapolated to zero sample size. 

(2) The dehydration temperature, T, and 
the enthalpy change, Mar, were measured 
using purge gases with different thermal 
conductivities. The results were extrapo- 
lated to the thermal conductivity of the 
evolved gas. 

As a test reaction, the dehydration of cal- 
cium oxalate was chosen, 

C a C 2 0  4 • H 2 0  (s) ~ C a C 2 0  4 (s) + H 2 0  (g) 

~xH298 = 38.1 kJ/mole (25) (6) 

The predicted weight change, AW/W, for 
this reaction is 0.123. The thermal conduc- 
tivity of the purge gas was controlled by 
utilizing mixtures of N2 and He or Ar and 
He. The method of Wassiljewa (20), as mod- 
ified by Mason and Saxena (21), was used to 
compute the thermal conductivity of these 
gaseous mixtures at room temperature (see 
Appendix). The compositions and thermal 
conductivities of gaseous mixtures used as 
the purge gas are given in Table 2. The val- 

ues of the thermal conductivities (K') calcu- 
lated by the mole fraction averaging method 
are also included. These values indicate the 
magnitude of the error introduced on the 
assumption that the thermal conductivities 
are additive. 

DSC profiles for the dehydration of cal- 
cium oxalate for various sample weights are 
shown in Fig. 3. The effect of sample size 
on the temperature and the indicated energy 
change of this reaction is shown in Fig. 4. 
These experiments were performed using 
pure dry N 2 a s  the purge gas, at a flow rate 
of 31.8 ml/min, while the temperature was 
increased at a rate of 10°C/rain. This means 
that the thermal conductivity of the purge 
gas was kept constant as the sample weight 
was varied from 0.7 to 3.4 rag. The effect of 
sample weight on the indicated enthalpy of 
dehydration appears to be small. However, 
the effect of sample size on the temperature 
of dehydration is substantial. When the sam- 
ple weight was increased by slightly less 
than an order of magnitude, the dehydration 
temperature was observed to increase by 
20°C. 

The effect of thermal conductivity on the 
dehydration of calcium oxalate is shown in 
Fig. 5. The sample weight used in these stud- 
ies was 1.7 mg and the flow rate and heating 

TABLE 2 

Thermal C onductivities of Purge Gas Mixtures Used 
in Calcium Oxalate Dehydration Experiments (i) 
Calculated Using Wassiljewa's Correlation, K, and (2) 
Calculated by Mole Fraction Averaging, K'  

Gas composition (%) Thermal 
conductivity 

N2 He Ar (W/(m K)) 

K K'  

0 10 90 0.0237 0.0304 
0 8 92 0.0224 0.0278 
0 6 94 0.0211 0.0252 

100 0 0 0.0257 0.0257 
95 5 0 0.0284 0.0318 
90 10 0 0.0313 0.0379 
85 15 0 0.0344 0.0440 
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FIG. 3. DSC profiles of the dehydration of calcium oxalate at various sample weights. (a) 0.7 my, 
(b) 1.6 mg, (c) 2.6 my, (d) 3.4 my. 

rate were maintained constant at 31.8 ml/ 
rain and 10°C/min, respectively. The effect 
of thermal conductivity on the enthalpy of 
dehydration was substantial. However, the 
effect of thermal conductivity on the tern- 

perature of dehydration was not particularly 
significant. 

Because several researchers (22, 23) have 
suggested that the heating rate of the sample 
may have a significant effect on the tempera- 
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ture of a transition, an experiment was per- 
formed to assess the importance of this vari- 
able. The results of this study, which was 
performed at constant thermal conductivity 
and at two sample sizes of 0.8 and 1.7 mg, 
are shown in Fig, 6. It can be observed that 
the dehydration temperature, T, is a signifi- 
cant function of the heating rate. 

The effect of purge gas flow rate on the 
indicated enthalpy and temperature of dehy- 
dration was also studied. The results of this 

study are shown in Fig. 7. The sample size 
and heating rate chosen for this study were 
1.7 mg and 10°C/rain, respectively. The ef- 
fect of the flow rate on the indicated 
enthalpy of dehydration was not signifi- 
cant. 

We conclude from these studies that the 
only variable which has a significant effect 
on the indicated enthalpy of dehydration is 
the thermal conductivity of the purge gas. 
Accuracy in the measurement of enthalpies 
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FiG. 6, The effect of heating rate on the dehydration temperature of calcium oxalate. (~) 1.7 mg, 
(O) 0.8 rag. 
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FIG. 7. The effect of purge gas flow rate on the dehydrat ion of calcium oxalate.  

of dehydration will be increased when the 
heating rate is greater than 10°C/min, and 
the sample size is less than 2 mg. However, 
the latter effects are secondary in compari- 
son with the thermal conductivity of the 
purge gas. 

In order to obtain the correct enthalpy 
of dehydration, the curve representing the 
indicated enthalpy as a function of thermal 
conductivity (Fig. 5) is extrapolated to the 
thermal conductivity of the evolved gas, 
namely H20. Although the accurate deter- 
mination of the composition and tempera- 
ture of this boundary layer requires a rigor- 
ous mass and heat transfer analysis, two 
approximate assumptions are made here. 
First, it is assumed that the reaction rate is 
high enough so that the boundary layer will 
consist of water only. Second, the tempera- 
ture of the boundary layer is assumed to be 
equal to the average of the sample dehydra- 
tion and purge gas temperatures. The sam- 
ple dehydration temperature is determined 
experimentally by the double extrapolation 
technique outlined in Fig. 8. First, the dehy- 
dration temperatures (Fig. 6) are extrapo- 
lated to a zero heating rate for the two sam- 
ple weights. This gives dehydration 
temperatures of 122 and 130°C for sample 
sizes of 0.8 and 1.7 mg, respectively. A sec- 
ond extrapolation corresponding to a heat- 
ing rate of  0°C/min is drawn linearly, similar 

to that corresponding to 10°C/min. Extrapo- 
lation to a zero sample weight results in a 
dehydration temperature of 115°C. The tem- 
perature of the H20 boundary layer is then 
calculated as the average of the solid and gas 
temperatures (i 15 and 25°C, respectively), 
i.e., 70°C. This results in a thermal conduc- 
tivity of K ° = 0.0216 W/(m K) and the 
method will yield an enthalpy of dehydra- 
tion of 40 -+ 2 k J/mole. Correction for the 
standard reference temperature of 298 K can 
be made by estimating the heat capacity of 
calcium oxalate using Kopp's rule (24). This 
correction amounts to -0.25 kJ/mole, 
which is well within the uncertainty margin 
for the reported kHf values and is quite neg- 
ligible. Therefore, the value obtained by this 
method is in excellent agreement with the 
literature value of 38.1 k J/mole (25). 

The measured weight loss ratio (AW/W) 
obtained was 0.119, in good agreement with 
the predicted weight loss of 0.123. This 
agreement suggests that the dehydration re- 
action has gone to completion. 

As an example of the second type of a 
gas-solid reaction, we have measured the 
enthalpy of reduction of PtO 2. This reduc- 
tion proceeds according to the equation 

PtO 2 (s) + 2H 2 (g) --+ Pt (s) + 2H20 (g) 

AH298 = - 315. I kJ/mole (25) 

kH298 = - 349.8 k J/mole (26) (7) 
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The predicted weight loss ratio of A W / W  = 

0.141 is in good agreement with the experi- 
mentally determined weight loss ratio of 
0.132, suggesting complete reduction to me- 
tallic Pt. 

For a reduction reaction of this type, the 
following heat transfer effects require con- 
sideration: 

(1) The evolution of gaseous products into 
the purge gas stream as in the case for the 
dehydration reaction outlined previously. 

(2) Dissimilarity between the thermal re- 
sistance of the sample and the reference due 
to the consumption of hydrogen by the 
sample. 

Two types of extrapolations appear nec- 
essary: First, extrapolation to the thermal 
conductivity of the evolved gas and second, 
extrapolation to zero hydrogen gas concen- 
tration. The effect of sample size is readily 
eliminated by taking a sample which is suf- 
ficiently small. With this in mind, two sets 
of experiments were designed: 

(1) The enthalpy and temperature of re- 
duction were measured while keeping the 
thermal conductivity constant and varying 
the concentration of H 2 in the Ar purge gas. 
The compositions of the purge gas mixtures 
used are shown in Table 3. Helium was used 
as an auxiliary gas in order to maintain the 
thermal conductivity constant. The con- 

stant value of the thermal conductivity was 
selected as that corresponding to a mixture 
consisting of 15% H 2 in Ar, i.e., 0.0320 W/ 
(m K). 

(2) The enthalpies and temperatures of 
reduction were measured as a function of 
thermal conductivity for constant H 2 con- 
centrations in Ar. The thermal conductivity 
was varied by changing the He concentra- 
tion in the purge gas. This set of experiments 
was performed using five different hydrogen 
concentrations, 0.5, 1.0, 1.5, 2.5, and 5% 
H 2. The compositions and thermal conduc- 
tivities of these mixtures are shown in Table 
4. Typical DSC profiles for the reduction of 
PtO 2 at a constant H2 concentration of 5% 
are shown in Fig. 9. 

The results of the first set of experiments 
which show the effect of I-I 2 concentration 

TABLE3 

Compositions of Purge Gas Mixtures Used in 
Constant Thermal Conductivity (0.0320 W/(m K)) 
Experiments for the Reduction of PtO2 

Gas Composition (%) 

H 2 15 10 5 2.5 1.5 1.0 0.5 
Ar 85 82.7 80.4 79.2 78.8 78.5 78.3 
He 0 7.3 14.6 1 8 . 3  1 9 . 7  20,5 21.2 
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TABLE4 

Compositions and Thermal Conductivities of Purge 
Gas Mixtures Used in Constant H 2 Concentration 
Experiments for the Reduction of PtO 2 

Gas Composition (%) 

H2 0.5 0.5 0.5 
Ar 99.5 94.5 89.5 
He 0.0 5.0 10.0 
K 0.0179 0.0209 0.0241 

H 2 1.0 1.0 1.0 
Ar 99.0 94.0 89.0 
He 0,0 5.0 10.0 
K 0,0183 0.0214 0.0246 

H 2 1.5 1.5 1.5 
Ar 98.5 93.5 88.5 
He 0.0 5.0 10.0 
K 0.0187 0.0218 0.0250 

H a 2.5 2.5 2.5 
Ar 97.5 92.5 87.5 
He 0.0 5.0 10.0 
K 0.0197 0.0228 0.0260 

H z 5.0 5.0 5.0 
Ar 95.0 90.0 85.0 
He 0.0 5.0 10.0 
K 0.0220 0.0252 0.0286 

indicated enthalpy and temperature of re- 
duction for five different H 2 concentrations 
was studied. The results of these experi- 
ments, which were performed at constant 
sample size and heating rate, are shown in 
Figs. 11 and 12. The temperatures of reduc- 
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tion also approaches an asymptotic value at 
zero H2 concentration. Therefore, in order 
to determine the temperature of reduction, 
extrapolation to zero H 2 concentration was 
performed using a least-square third-order 
polynomial fitting. This resulted in a reduc- 
tion temperature of 82.4°C. 

The effect of thermal conductivity on the 

J i 1 

60 80 100 120 

Temperature, °C 

140 

(c) 

0 i • i 

40 60 8 0  

- w • i ' t '  

100 120 140 

Temperature, °C 

FIG, 9. DSC profiles of the reduction of PtO 2 at a 
constant H 2 concentration of 5% and various thermal 
conductivities of (a) 0.0220 W/(m K), (b) 0.0252 W/ 
(m K), (c) 0.0286 W/(m K). 



108 REJAI AND GONZALEZ 

° t 5o1\__  
oo1  o o 

. . . . .  i . . . .  i . . . .  i 

0 5 10 15 

H2 Concentration, % 

84 

-82 

8 0  

78  =£ 

76  

"74 

72 

70 
20 

Fro. 10. The effect of H 2 concentration on the reduction ofPtO 2 at constant thermal conductivity of 
the purge gas (0.0320 W/(m K)). 

tion do not show a systematic variation with 
respect to thermal conductivity. For this 
reason T r was determined by extrapolation 
to zero H2 concentration, as determined pre- 
viously (Fig. 10). 

The temperature of the H20 boundary 
layer was calculated as the average of the 
solid- and gas-phase temperatures as in the 
previous case. This resulted in a tempera- 
ture of 53.7°C. The linear interpolations (ex- 
trapolation in the case of 5% H 2 concentra- 
tion) of the indicated enthalpies of reduction 

to the thermal conductivity of the evolved 
gas at the temperature of the H20 boundary 
layer (0.0199 W/(m K) at 53.7°C) gave five 
values corresponding to the five different 
H 2 concentrations (Fig. 1 I). These enthalpy 
values were plotted as a function of H2 con- 
centration. Extrapolation to zero concentra- 
tion yielded the true value of the enthalpy 
of reduction. A least-square second-order 
polynomial curve fitting was used for this 
extrapolation. The results of this plot, 
shown in Fig. 13, yield an enthalpy ofreduc- 

-50 

-lO0 

-15o 
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- 2 5 0  ................... 

- 3 0 0  . . . .  , , ' , 
0.016 0 .018 0 .020 0.022 0.024 0 .026  0 .028 0.030 

Themlal Conductivity, W/m K 

FIG. 11. The effect of purge gas thermal conductivity on the enthalpy of the reduction of PtO 2 at 

different Hz concentrations. (O) 0.5% H2, (m) 1.0% H 2, ([~) 1.5% H2, (A) 2.5% Ha, (G) 5% H2. 
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FIG. 12. The effect of purge gas thermal conductivity on the temperature of the reduction ofPtO 2 at 
different H~ concentrations. (©) 0.5% H2, (ll) 1.0% H2, (2]) 1.5% H2, (A) 2.5% H2, (~) 5% H2. 

tion of -295  + 13 kJ/mole. This value can 
be corrected for the reference temperature 
of 298 K by using the appropriate heat ca- 
pacity data (25). This correction amounts to 
13.3 kJ/mole. Thus the final enthalpy value 
of -281.7 + 13 kJ/mole is in reasonable 
agreement with the lower literature value of 
- 315.1 kJ/mole (25). 

One final reduction reaction was per- 
formed in order to test the validity of the 

-50 ' 
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- 3 o o  <1 

-350 1 

-400 
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R a n g e  o f  l i t e r a t u r e  v a l u e s  
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Fro. 13 The combined effect of H2 concentration and 
purge gas thermal conductivity on the enthalpy of the 
reduction of PtO2. 

method. The reduction of PtCI 2 in H 2 pro- 
ceeds according to 

PtC12(s) + 2H2(g)--~ Pt(s) + 2HCI(g) 

AH298 = - 35.6 k J/mole (25) 

AH298 = - 66.1 k J/mole (26). (8) 

The experimental weight loss of A W / W  = 
0.285 was in good agreement with the pre- 
dicted weight loss A W / W  = 0.268. The ex- 
periments were carried out by a method 
which was identical to that used for the re- 
duction of PtO 2. The results of these experi- 
ments are shown in Figs. 14 to 16. A final 
extrapolated value of the enthalpy of reduc- 
tion, AH = - 6 7  -+ 3.5 kJ/mole, was ob- 
tained at a reduction temperature of 58.3°C. 
This enthalpy is in reasonable agreement 
with the literature value of -66.1 M/mole 
(26). The heat capacity correction for this 
reaction was found to be negligible, due to 
the low temperature of reduction. 

A summary of the experimental results of 
the enthalpies of selected gas-solid reac- 
tions is shown in Table 5, along with the 
corresponding literature values. It should be 
noted that experimental data for standard 
enthalpies of formation are not only scarce 
in the literature but, as in the case of reduc- 
tion of PtC12, large discrepancies exist. 



110 REJAI AND GONZALEZ 

TABLE 5 

Summary of Results: Enthalpy of Gas-So l id  Reactions by DSC 

Reaction Enthalpy (kJ/mole) 

Literature a Literature b Experimental 

CaC204 dehydration 
PtO 2 reduction - 349.8 
PtC12 reduction - 66.1 

38.1 39 - 1 
-315.1 -297  ± 15 

-35 .6  - 6 2  ± 3 

a Ref. (26). 
b Ref. (25). 
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FIG. 14. The effect of H 2 concentration on the reduc- 
tion temperature of PtC12 at constant thermal conduc- 
tivity of the purge gas (0.0320 W/(m K)). 

CONCLUSIONS 

This study shows the significance of ex- 
perimental operating conditions or "arti- 
facts" in thermal analysis, which have been 
overlooked or avoided by most researchers• 
Quantitative analysis is possible only when 
important variables are identified and their 
optimum values are approached• 

The extrapolation technique presented 
here should be applicable to various 
gas-solid reactions of interest in different 
fields• This technique will provide a quick 
estimate of the enthalpy and will be useful 
when heat of formation values are not avail- 
able. Selection of a purge gas with a thermal 
conductivity in the vicinity of the product 
gas will enhance the accuracy• In a future 
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FIG. 15. The effect of purge gas thermal conductivity on the enthalpy of  the reduction of PtC12 at 
different H 2 concentrations.  ((3) 0.5% H2, (11) 1.0% H2, (Z]) 1.5% H2, (A) 2.5% H2, (G) 5% H2. 
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Fro. 16. The combined effect of Hz concentration 
and purge gas thermal conductivity on the enthalpy of 
the reduction of PtC12. 

study this technique will be utilized in the 
identification of reduction steps and inter- 
mediates of metallic catalyst precursors• 

APPENDIX 

Calculation o f  Thermal Conductivity o f  a 
Gaseous Mixture 

According to Wassiljewa (20) the thermal 
conductivity of a gas mixture, Xm, can be 
calculated by the empirical equation 

yi)ki 
Am ~ iz 

i=l Z Y i A i j  
j=~ 

where Yi = mole fraction of component i; 
Au's are binary parameters which can be 
expressed according to Mason and Saxena 
(21) by 

[1 + ()ttri/~ttrj )I/2(M i / m  j )l/4] 2 

AO" = [8(1 + M i / M j ) ]  1/2 ' 

and Aii = 1. Here, M is the molecular weight 
and Xtr is the monatomic value of thermal 
conductivity which can be calculated from 
viscosity values of ~ and ~)j: 

) k t r i  Tl i M j 

)k tri ?~j Mi" 

Since ~ depends on temperature and pres- 
sure, Airs will also be a function of T and P. 
All thermal conductivities of gaseous mix- 
tures used in this study are calculated ac- 
cording to the above correlations• Experi- 
mental data reported (27) agree well with 
the predictions of these correlations. 
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