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Consideration is given to the main results obtained in studies based on calorimetric 
methods at high temperatures (above room temperature) of the following aspects of the 
mechanisms of catalytic and sorption processes on powder catalysts: 1) relation be- 
tween chemisorption and dissolution of gases in the subsurface layers of solids; 2) 
influence of surface-adsorbed substance on the adsorption of another substance from 
the gas phase; 3) nature of intermediate species formed during catalytic processes on 
the catalyst surface. Results are presented of the application of calorimetric methods 
to measuring the enthalpy change of polymerization in a "'dry" system: gaseous 
monomer -- solid catalyst -- solid polymer, and to investigating the mechanisms of 
such processes. Anomalous solubility of gases in the subsurface layers of solids has 
been shown to be significant for the mechanism of nucleation during phase transitions 
in solids. 

i m p o r t a n t  in format ion  can be ob ta ined  abou t  the mechanisms o f  catalyt ic  
and  sorp t ion  react ions  i f  one applies ca lor imetr ic  methods  o f  measurements ,  
especially in combina t ion  with  kinetic measurements .  Calor imet r ic  methods  have 
long been used to s tudy sorpt ion  processes in gas-sol id systems. As  long ago as 
the first ha l f  o f  this century,  Titov,  Beebe, Beeck, Garne r ,  Kembal l ,  Kiselev,  
Trapne l l  and others  were engaged in the measurement  o f  sorp t ion  heats.  Never-  
theless, until  the sixties heats  o f  physical  adsorp t ion  and  o f  chemisorp t ion  were 
s tudied at t empera tu res  not  above  r o o m  tempera ture .  Therefore,  t he rmal  effects 
of  ac t iva ted  processes that  proceed slowly at r o o m  t empera tu re  were not  studied.  
However ,  such processes are of  par t icu lar  interest  f rom the s t andpo in t  of  the 
mechanisms of  indust r ia l  catalyt ic  react ions.  Besides, the  na ture  of  a gas-sol id 
in terac t ion  for such tempera tures  at which usual  catalyt ic  react ions  t ake  place  is in 
many  cases different f rom that  of  processes at low tempera tures :  the  re la t ions 
between adsorp t ion  and dissolut ion,  between physical  and  chemical  adsorp t ion ,  
etc. are  different. Therefore ,  many  processes and phenomena  which are impor t an t  
for  catalysis  canno t  be s tudied by  calor imetr ic  methods  at r oom tempera ture .  
Below we shall  main ly  be concerned with calor imetr ic  and adsorp t ion  da ta  about  
the in teract ion o f  gases wi th  the surfaces o f  powder  catalysts  at  t empera tu res  far 
above  r o o m  tempera ture .  Different ial  heat-f low microca lor imete rs  in which resist- 
ance the rmomete r s  or  thermocouple  bat ter ies  serve for registering the var ia t ions  
o f  the  heat  flux f rom the react ing system are usual ly  appl ied  in these studies. 
M o d e r n  ca lor imeters  with resistance thermometers ,  such as those deve loped  at 
the K a r p o v  Inst i tute  o f  Physical  Chemis t ry ,  Moscow,  can measure  the l ibera t ion  
or  absorp t ion  o f  a few hundred ths  o f  a ca lory  in exper iments  at  t empera tu re  up  
to 250 ~ with a power  o f  the order  o f  10 -4 cal/sec and within 1 ~ accuracy [1, 2]. 
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The main features of this equipment are described in [3]. Calorimeters with ther- 
mocouple batteries (Calvet calorimeters ("Standart" manufactured by Setaram 
Co, France) [4, 5] have almost the same characteristics). Modern microcalorim- 
meters so precise that the accuracy of calorimetric results in the studies of gas 
interactions with powder catalyst surfaces depends on the accuracy of measuring 
the amounts of reacted substances and the amounts of reaction products rather 
than on the accuracy of heat measurement. For this reason the quantitative mea- 
surement methods are of paramount importance in adsorption-calorimetric 
studies. 

Calorimetric measurement methods are now successfully applied to solving 
complex problems about the relationship between chemisorption and dissolution 
of gases in the subsurface layers of porous bodies, about the effect of one surface 
adsorbed substance on the adsorption of another substance from the gaseous 
phase, about the nature of intermediate species formed on the catalyst surfaces 
in catalytic processes, etc., which are significant for the theory of catalysis. Our 
consideration will be limited to the above three topics. In our discussion, by the 
heats ofsorption of gases we mean not the whole heat liberated when the adsorbate 
interacts with the catalyst, but only that portion which corresponds to sorption. 
If a part of the gas reacts and the product is desorbed in the gas phase, such a 
reaction is accounted for by a corresponding correction. 

Results of calorimetric study of the relation between chemisorption 
and dissolution of gases in catalysts 

Figure 1 presents the results of a calorimetric study of hydrogen sorption on 
iron ammonia synthesis catalyst at 150-200 ~ The amount of sorbed gas is plotted 
on the abscissa and the differential heat of sorption on the ordinate. The data 
from several sequential series of experiments on sorption and desorption [6] are 
shown here. In sorption experiments the differential heat varied from 26 to 2 - 3  
kcal/mole; in desorption experiments the heat of desorption was at first conside- 
rably higher then in the last sorption experiments. Figure 2 shows the results of 
measurement of the amount of sorbed hydrogen in the same experiments. As one 
cas see, when the pressure is diminished, part of the sorbed hydrogen is desorbed, 
and the other part remains on the catalyst; in other words, the sorption is only 
partly reversible. Hydrogen is accumulated on the catalyst from one series of ex- 
periments to another. In order to analyze the results given in Figs 1 and 2, we 
shall formulate the question in the following way: is adsorption of hydrogen in 
the amounts shown in the Figures at 200 ~ with a sorption heat equal to 2.5 kcal/ 
mole possible at all? To answer this question, we have used the experimental 
data [6, 7] for calculation the standard entropy change in this case and compared 
it with the standard entropy change which could be expected in chemisorption. 
We have also calculated the change of the standard entropy for a sorption heat 
equal to 2.5 kcal/mole pertaining to the dissolution of hydrogen in the body of 
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Fig. 2. Hydrogen sorption on the amnaonia synthesis catalyst. Consecutive sorption-desorption 
cycles 

sample, and compared it with the change of  entropy in the formation of solid 
hydrogen solutions in iron-like metals. 

It follows from this analysis that adsorption of the amounts of hydrogen sorbed 
at 200 ~ with a sorption heat equal to 2.5 kcal/mole is impossible. A process with 
such a sorption heat should be regarded as dissolution of hydrogen in the sample 
body. 

When hydrogen interacts with iron, part of the hydrogen is dissolved with a 
heat of 2.5 kcal/mole or less, and another part is adsorbed with a higher sorption 
heat. If  the pressure is diminished, the adsorbed hydrogen is desorbed, but the 
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Fig. 4. Differential heats of  02 sorption by copper 

dissolved hydrogen remains in the catalyst on account of  kinetic delay. After 
desorption, a certain amount of  hydrogen can be readsorbed, a certain part of 
that dissolves. Therefore, hydrogen accumulates in the catalyst from one series of  
experiments to another, and the limiting amount of reversibly adsorbed hydrogen 
in it is approximately the same after any series of experiments on sorption. 

Let us consider now the results of calorimetric [8] and adsorption [9] studies 
of  oxygen interaction with a copper catal)st. Figure 3 presents the differential 
heat of oxygen sorption by copper as a function of the sorbed amount at 100-  130 ~ 
The initial heat equals 116 kcal/mole. Then it decreases rapidly, and after the 
sorption of  an amount corresponding to about 20 ~ of  the monolayer capacity 
it reaches 8 2 - 9 0  kcal/mole. The sorption heat remains at this level until sorption 
of  an amount corresponding to four monolayers. The heats of oxidation of 
copper to CuO and Cu20 per one mole of  oxygen are close to each other, at 
about 80 kcal/mole. Therefore, one may believe that the sorption of  oxygen is 
accompanied by a phase transition. In order to discuss this topic, let us use the 
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kinetic data [9, 10]. Figure 4 shows the variation of the logarithm of the rate of  
oxygen sorption by porous copper with the serbed amount. There are at least 
four fa(ts whk h suggest that in these experiments oxygen is sorbed into the sample 
body, rather than an oxide phase being formed: 1) the specific surface of the sample 
before the oxygen is sorbed does not differ from tkat after sorption; 2) there is no 
extremum of the rate of  oxygen sorption as usually observed in phase transitions; 
3) the rate of  oxygen sorption is pr(~lzortional to the pressure; 4) in the cycle: 
oxygen sorption (l) - reduction by h~drogen - oxygen sorlztion (2), the rate 
of  sorption (1) is equal to the rate of  (2) for the same quantity c f  sorbed oxygen. 
Thus, there is no phase transition in porous copper catalyst at 5 0 - 1 5 0  ~ and a 
pressure below 0.1 torr, until an amount of  oxygen is sorbed which corresponds 
to formation of many monolayers of  the oxide. Other data [l l, 12] confirm the 
absence of a phase transition during the sorption of considerable amounts of  
oxygen by copper. Hence, it follows that only a small part of  the total amount  of  
gas sorbed can be on the copper surface (the gas being oxygen) and on the iron 
surface (the gas being hydrogen). 

A similar sorption of substantial amounts of  gas into the subsurface layers of  
solids with a high sorption heat is also ebser\ed in sorption by certain oxides. 
For instance [13, 17], cupric oxide at 100 ~ and above and pressures up to 0.1 torr 
is capable of sorbing hydrogen in amounts which correspond to more than 10 
monolayers without a phase transition in the solid. In this case the hydrogen sorp- 
tion rate is proportional to its pressure. Similar results were also obtained for 
chromic oxide and the cupric-chromic spinel CuCr2Oa. A strong influence of  oxygen 
diffusion between the surface and subsurface layers of  some oxide catalysts on the 
degree of reduction of the surface layer, as well as on the strength of the oxygen 
bond at the surface, have been established by some authors [15]. They measured 
the energy of surface oxygen on CuO at 327 ~ making use of the sorption heat of  
oxidation of carbon monoxide to carbon dioxide with the oxygen being taken 
from the cupric oxide. The experimepts were conducted with intervals. During 
these the catalyst was heated up to 327 ~ . After each interval the heat of  oxidation 
of carbon monoxide showed an increase. This was explained by the diffusion of  
oxygen from the sample body to the surface, the increase of  its surface concen- 
tration and the decrease of  the energy of bonding. 

According to the above, the rate of diffusion of the adsorbed gas into the sample 
body may exceed the rate of adsorption over a broad interval of  variation of the 
experimental conditions. In the general case the sample capacity with respect to 
gas sorption is not determined by the monolayer capacity, and for this reason 
the rate of  sorption cannot be described by an equation of the form 

r = k P ( l  - O )  

where O is the ratio of  the sorbed amount to the monolayer capacity, and P is 
pressure. The sorption of gases by the subsurface layers of catalysts differs essen- 
tially from the dissolution of gases into the body of non-porous solids. At 200 ~ 
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and a pressure of sereral torr the H2 solubility in bulk iron is of the order of 
10 -4 cm3/g [16]. The solubility in a porous catalyst which was observed 
under the same conditions was thousands of times greater. The solubility 
of oxygen in porous cupper per 1 g is also 3 - 4 orders of magnitude greater than 
the corresponding quantity for the bulk metal under the same conditions. In the 
above cases the sorption of gases by the subsurface layers is an exothermic process, 
unlike the endothermic dissolution in bulk sample bodies. Thus, sometimes the 
subsurface layers are characterized by special properties with respect to gas 
sorption. According to the above results pertaining to sorption of oxygen by 
copper and hydrogen by cupric oxide, the phase transition occurs after the forma- 
tion of supersaturated solid solutions in the subsurface layers of the solids. The 
sorption of oxygen by porous copper (per unit of the mass) may be several orders 
of magnitude greater than that by the bulk sample. It has been shown in [12], 
however, that the limiting sorbed amount of oxygen which can be reached before 
the appearance of the new phase in non-porous samples coincides within the accu- 
racy of the order of magnitude with that for porous samples if it is calculated per 
unit of surface area. The microscopical crystals of the new phase "precipitate" 
from the solid solution only after a certain critical degree of supersaturation of 
the subsurface layer is reached. It is like salt crystal's precipitation from a super- 
saturated aqueous solution. The nucleation on the contact of the solid with a gas 
should follow after the state when the diffusion rate of adsorbed particles to the 
subsurface layers becomes less than the rate of adsorption. Therefore, the smaller 
the specific surface of a solid, and the higher the pressure of gas, the smaller the 
amount of gas that can be sorbed per unit mass of the solid before the beginning 
of nucleation and the more difficult it is to study a given phenomenon. One can 
understand, in view of the above, the considerable induction period that was 
observed under the electron microscope between the times of oxygen admission 
to metal copper and the beginning of surface nucleation [ 11 ]. 

Effect of the presence of one adsorbed substance on the surface o n  
adsorption of another substance from the gas phase 

There can be no doubt that study of the mutual influence of gases on each 
other's sorption is important for the theory of catalysis, since under the conditions 
of ordinary catalytic reactions there are at least two reacting substances in the 
gas phase. Frequently the catalyst sorbs more than one substance from the reac- 
tion mixture. Their influence on each other's adsorption, however, is usually 
neglected in derivation of the kinetic equations of the processes. Figure 5 presents 
plots of the differential heat of hydrogen adsorption on nickel oxide against the ad- 
sorbed amount. The series of experiments differed from each other in the amount of 
oxygen in the catalyst [17]. The variation of the oxygen content in the catalyst 
was within 0 .1-  0.2 parts of the surface monolayer capacity. In order to change 
the oxygen content of the catalyst, experiments on oxygen sorption were done 
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a conclusion, however, since the experiments were done with the same sample 
under the same conditions, without contact of the sample with the atmosphere. 
Figure 6 shows the same data, but as a function of  the sum of  the oxygen and 
hydrogen contents of the sample. As one can see, the results of  all series fit a 
single smooth curve. In these co-ordinates the vertical straight lines converge to a 
single line. This is evidence of the fact that the sorption heat and the limiting 
amount of sorbed hydrogen on nickel oxide depend on the amount of  oxygen 
in the sample, with the increase of the oxygen concentration causing the decrease 
of  the catalyst's ability to sorb hydrogen. The limiting amount of  hydrogen 
sorbed at 200 ~ is small. When sorption terminates, the area per 2 H atoms on 
the surface averages about 115 •2. The rate of  hydrogen sorption is proportional 
to the pressure and to the proportion of  the free surface. Thus, there is no reason 
to believe that hydrogen on nickel oxide is sorbed into the sample body. The rate 
of  sorption of oxygen on nickel oxide and the heat of  its sorption both depend on 
the amount of hydrogen in the sample [18]. As follows from further studies of  
other oxides, when there are several gases in the catalyst, their influence on the 
rate and the heat of  sorption of each other is observed in various systems. Oxidized 
samples of cupric oxide, the surface of which is already incapable of  sorbing oxy- 
gen, acquire this capability after sorption of hydrogen [13, 14]. Figure 7 shows 
plots of  the dependence of  the differential heats of  oxygen sorption at 200 ~ on 
the amount of  sorbed oxygen in two series of  experiments with the same sample 
of  cupric oxide. The only difference between the catalyst states during the series 
is that the catalyst contained different amounts of hydrogen. The series are de- 
scribed by two curves. If the abscissa shows the difference between the hydrogen 
amount and the oxygen amount in the sample as is done in Fig. 8, the results of both 
series are described by a single smooth curve. The situation is similar in the case 
of  the rate of sorption. Figure 9 presents the rate of  oxygen sorption as a function 
of  the sorbed amount for two series of  experiments with the same sample of  cupric 
oxide. The difference between the series is in the hydrogen quantity in the sample 
only. One can see that the rates of sorption can be not the same for the same oxy- 
gen content of  the catalyst. In Fig. 10 the same results are shown but as functions 
of the difference between the hydrogen and the oxygen concentrations of the 
sample; the rate of sorption in both series is described by the same smooth curve. 
To explain the results about the sorption and the heats of sorption of oxygen 
on cupric oxide, one has to consider that not only oxygen defects can represent 
the centers for oxygen sorption, but sorbed hydrogen as well [14]. The amount 
of  sorbed hydrogen could reach 4 cm 3 H2/m 2, in other words, more than 10 
monolayers (with the ratio of  the number of  copper atoms in the body to the 

* By the term "s tandard  state" we mean the state of  the catalyst before the experiments,  
after its having been treated in vacuum by means of heating in order to purify it f rom water 
and carbon dioxide and after subsequent oxidation by oxygen until saturation. The catalyst 
in the s tandard state before sorption of hydrogen could not  sorb oxygen. If the latter was 
removed in the form of water from the catalyst by means  of its interaction with H2, it would 
account for the fact that its content in the catalyst appeared to be smaller than  zero. 
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number of copper atoms on the surface being about 1000). The volume of oxygen 
sorbed by the samples of cupric oxide over the amount of oxygen in the standard 
state* also reached 4 cmz H2/m 2. Both the cupric oxide - chromic oxide catalyst 
(CuCr204) and cupric oxide acquire the ability to sorb additional amounts of 
oxygen after the sorption of hydrogen. 

The above facts demonstrate the effect of the mutual influence of the sorbed 
substances on the heats and rates of sorption. Further, the data obtained with 
cupric oxide and CuCr204 illustrate the sorption of gases by the subsurface layers 
of solids, which was discussed earlier. 

The reactions considered represent steps of catalytic processes of oxidation 
and hydrogenization. Therefore, it follows from the above results that when cata- 
lytic reactions occur, variations in the gas composition may result in complex 
variations of the composition of the catalyst, which involve many subsurface 
layers. These variations of the catalyst may substantially change the specific 
adsorption activity, and therefore the specific catalytic activity. Many of publi- 
cations [19-21] emphasize the importance of such effects. There are only a 
few systematic quantitative works on this kind of effect, however. The above 
considerations demonstrate certain possibilities of study by combining calori- 
metric and adsorption-kinetic methods. 

Application of calorimetric methods to establish the nature of intermediate 
substances formed on catalyst surfaces during catalytic processes 

The authors of [5, 22] have described the results of a calorimetric study of carbon 
monoxide oxidation by oxygen on cerium oxide at 300 ~ . The steps of adsorption 
of carbon monoxide and oxygen in a system with a cooled trap were investigated. 
It was established that the preliminary adsorption of carbon monoxide increases 
the adsorption capability of the catalyst with respect to oxygen. Several consecu- 
tive cycles were conducted which consisted of CO adsorption and subsequent 
adsorption of 02, every time this being carried out until saturation. After the 
catalyst had been in contact with CO, it could adsorb an amount of oxygen that 
was approximately equal to half the amount of carbon monoxide consumed from 
the gas phase, although until the first cycle CO - Oe the fresh catalyst could adsorb 
a considerably smaller amount of 02. The authors assumed on the basis of this 
that the interaction of CO and 02 with the surface results in formation of adsorbed 
carbon dioxide, CO2 (ads). The sum of the heat of adsorption of carbon monoxide 
and half the heat of adsorption of oxygen, Q(co +1/2 or) was gradually lowered in 
consecutive experiments from 86 to 69 kcal/mole CO~. The difference between 
the enthalpies of carbon dioxide and carbon monoxide is about 68 kcal/mole. 
According to the results of [22], if during interaction of CO and 02, carbon dioxide 
is not given off in the gas phase and CO2(ads) only is formed, then Q(co+1/2o2) = 
= 110 kcal/mole. It is the authors' opinion that the observed values 68 < 
< Q(co+a/~-o2) < 86 kcal/mole proves a partial formation of CO2(ads), and that 
the gradual lowering of Q(co-i/2o2) from one cycle to the next is a result of the 
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gradual increase of  the proportion of CO 2, the latter being given off in the gas 
phase and frozen in the trap. In these experiments, however, the carbon dioxide 
formed was not analyzed quantitatively. Therefore their consideration is only 
qualitative. The paper contains no precise proof  of the fact that the species formed 
on the surface during adsorption of CO., is identical with respect to enthalpy to 
the species formed as a result of the subsequent adsorption of  carbon monoxide 
and oxygen. 

Let us consider some other applications of calorimetric data for clarifying the 
nature of surface intermediate species that are formed during catalytical processes. 
Figure 11 (curve 1) presents the results of a study of  the adsorption heat of CO 
(Qco) as a function of  the adsorption heat of  oxygen (Qo), which were obtained 
at 175 ~ with the cupric-chromic spinel, CuCr20 ~, by the author and A. A. Dyatlov. 
Carbon monoxide was partially adsorbed and partially oxidized to carbon dioxide, 
which was frozen in the trap and than subjected to quantitative analysis. The 
heat of  adsorption (or desorption) of CO2 was determined in special experiments. 
On an oxidized surface Qc~o. = 25.6 kcal/mole, and on a partially reduced one 
Q~o~ = 16 kcal/mole. The heat of adsorption of  CO in Fig. 11 is given with a 
correction for the reaction of CO,, formation. The oxygen adsorption heat was 
determined once before or once after each experiment on CO adsorption. In 
order to do this, one measured the heat of adsorption of  small amounts of  oxygen 
or the heat of CO interaction with the catalyst when the carbon monoxide is 
oxidized completely to gaseous carbon dioxide. The linear dependence between 
Qco and Qo proves that adsorbed carbon monoxide is bound to oxygen of  the 
catalyst. The sum of the coordinates of any point on straight line lin Fig. 11 
added to the heat of desorption of  CO,, equals Qco-co~ within the accuracy of  
experiments (Qco-co2) being the difference between the enthalpies of CO and 
CO.,. The meaning of this is that the process of CO to CO2 oxidation has the 
route, at which oxidation consists of the steps of CO adsorption, O., adsorption 
and desorption of CO2. At this route no other steps of interaction of  species in 
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the surface layer with considerable heat effects exist. Then the following should 
be expected: 1) extrapolation of the straight line 1 of Fig. 11 to the value Qo = 0 
should result in (Q~o, + Qco-co)  = 93.2 kcal/mole; 2) extrapolation of this 
straight line to the value Qco = 0 should result in (Qdo, + Qco-co2) = 83.6 kcal/ 
mole. This is confirmed in practical experience. On the abscissa a section is cut off 
which corresponds to 94.7 kcal/mole, and on the ordinate one corresponding to 
84.4 kcal/mole. Apparently, this represents a simple proof of the adsorption at 
100 - 2 0 0  ~ of CO and CO2 leads to formation of identical species on the Cu Cr204 
surface. Straight line 2 in Fig. 11 shows the dependence of the heat of hydrogen 
adsorption (QH) on Qo on the same catalyst. The hydrogen was partially adsorbed 
and partially oxidized to water which was frozen and analyzed. The heat of water 
adsorption was determined in special experiments: QH,O = 51.6 __+ 4 kcal/mole. 
The linear dependencebetween QH and Qo means that the hydrogen being adsorbed 
is bound to the oxygen of the catalyst surface. In the case when a ~species is 
formed the enthalpy of which is identical to that of the species formed on ad- 
sorption of water, extrapolation of straight line 2 to the value Qo = 0 as well as to 
the value QH = 0 should result in (Qa2o + QH2-H,O) ---- 110.2 kcal/mole, QH,-H,O 
being the difference between the enthalpies of H20 and H2. We observed agree- 
ment between the experimental straight line and the theoretical one within 
the accuracy of experiments: for Qo = 0 it gives (QH,o + QH,-H20) = 100.2 
kcal/mole, and for Qn = 0 it gives (QH~o + QH,-H~O) = 113.9 kcal/mole. For 
any point on straight line 2 in Fig. 11 the sum of its co-ordinates added to the 
heat of desorption of H20 equals QH2-H,O" Thus, there are no slow steps of 
surface interaction of species produced on adsorption of 02 and Hz which have 
a considerable enthalpy change. As also follows from the above, adsorption at 
100-200 ~ of H 2 and H20 leads to formation of identical species. 

Let us consider another example of the application of calorimetric data to 
clarifying the nature of the intermediates on the surface during catalytic processes. 

Temkin' and Pyzhev's equation for the kinefcs of ammonia synthesis [23], 
describing the kinetics at 400-550 ~ is based on the assumption that nitrogen 
is the most abundant intermediate on the surface of the catalyst, and that one 
can neglect the surface covering by the products of its hydrogenation. The ques- 
tion has long been discussed in the literature as to whether hydrogen along with 
nitrogen is included in the most abundant intermediate on the surface of the 
ammonia synthesis catalyst. In his review Budar says [24] that this question still 
represents one of the problems of the kinetics of ammonia synthesis. In order to 
be able to answer this question, we have measured the enthalpy change on dissocia- 
tion of adsorbed nitrogen-hydrogen radicals into adsorbed nitrogen and gaseous 
hydrogen [7]. The nitrogen-hydrogen radicals were adsorbed before hand on 
surface of the industrial catalyst by means of interacting the catalyst with am- 
monia, part of the hydrogen being desorbed in the gas phase. The change of en- 
thalpy is A H  = 13.300 kcal/mole of H2. This value was used for a thermodynamic 
estimation, which showed that for a partial pressure of hydrogen of 200 atm 
and the usual temperature of synthesis of NHa(500 ~ the most abundant inter- 
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mediate on the catalyst surface is adsorbed nitrogen; as the temperature decreases 
the proportion of nitrogen-hydrogen radicals increases, the latter prevailing below 
350 ~ . When ammonia synthesis is conducted at atmospheric pressure, adsorbed 
nitrogen-hydrogen radicals prevail at still lower temperatures. 

The combining of  the calorimetric method with the method of  electron para- 
magnetic resonance (EPR)leads to interesting possibilities for study of the mech- 
anisms of  catalytic reactions. It was observed [25] that when oxygen is adsorbed 
on the MoOa/A12Oa catalyst the heat of adsorption at 25 ~ decreases as the ad- 
sorbed amount increases. As long as the heat of  adsorption is higher than 35 - 30 
kcal/mole, the adsorbed layer causes no EPR signal. The adsorption of  oxygen 
with a thermal effect o f  3 5 - 3 0  kcal/mole and below resulted in the appearance 
of a signal which increases as the adsorption proceeds. This demonstrates the 
emergence of free valences in the catalyst and was interpreted by the authors as 
oxygen adsorption in the form of  O;-. It should be noted that the observed con- 
centration of free valences was small compared to the catalyst monolayer capac- 
ity and in all experiments was less than 1.1013 particles cm -2. In other work [26] 
concerned with the study of  propylene oxidation on MoO3/MgO the authors came 
to the following conclusion. If the amount of  oxygen in the catalyst was such 
that the heat of oxygen sorption exceeded 35 kcal/mole, then when small portion 
of an oxygen-propylene mixture were admitted to the catalyst the oxygen was 
adsorbed and the propylene remained in the gas phase. When, on the other hand, 
the heat of  oxygen adsorption decreased below 35 kcal/mole, propylene began to 
react with oxygen, with the intensity of  reaction being the greater, the larger, 
the amounts of weakly bound oxygen in the catalyst. The authors thus arrive at 
a conclusion that the presence of  oxygen particles on the catalyst which represent 
a carrier of free valence (presumably O~) leads to the catalytic activity of  molyb- 
denum trioxide with respect to oxidation of  propylene. The authors believe that 
the only question which remains unclear is whether the appearance of an EPR 
signal indicates the restructuring of the surface layer from a non-active state into 
an active one, or the oxygen particle (the carrier of free valence) is itself the 
necessary intermediate agent for the reaction of propylene oxidation. 

We have noted above that the present consideration is concerned with the 
works devoted to the study of  processes occurring on powder catalysts only. The 
studies conducted at higher temperatures, approaching those at which the proc- 
esses considered take place in industry, are preferred. This is dependent on the fact 
that under such conditions the mechanisms of  the processes at the gas-solid inter- 
face are much more complex than at room temperature. Therefore, the experiments 
conducted at low temperatures frequently do not yield sufficient information 
for making judgements on the mechanisms of catalytic processes in industry. 
]n connection with the above we have not taken into account the calorimetric 
studies of  adsorption on deposited films etc., which provided a considerable 
amount of data on the mechanism of  the low-temperature processes (for instance, 
the works of Brennan, Wedler, Cern~ and their collaborators) or the articles 
of  other authors devoted to this subject. Only recently the corresponding calorimeters 
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have been described and work has started on the study of high-temperature adsorp- 
tion processes on deposited films [27]. As followed from the first results of the 
investigation of the Ni -H2 system, at high temperatures the processes of inter- 
action between a gas and the surface of a solid both on films and on powders 
are quite complex, and one has to take into account not just the adsorption in 
the surface layer, but the diffusion of the adsorbate particles deep into the sample 
body as well, while the presence of impurities in the adsorbate is capable of produc- 
ing an essential change in the properties of the system [28]. 

Application of the method of heat measuring in the system gas-solid 
for determination of enthalpy changes during polymerization and for 

obtaining certain data on the mechanisms of such processes 

The studies we are going to discuss were published several years ago, though 
the possibilities of the methods applied are far from having been exhausted. 
These methods make it possible to obtain the changes of enthalpy of polymeriza- 
tion for processes in a "dry" medium, without the liquid phase. Polymerization 
conducted in a "dry" medium allows one to exclude the processes of dissolution 
of monomer and polymer in the catalyzate and interaction of the solvent with 
the catalyst. From the point of view of the methods applied, the measurements of 
the heat of polymerization resemble in this case the measurements of the heats 
of adsorption. The change of enthalpy, AH~gs, was determined for the processes: 

n(C2H4)(s) = (C2H4)n(s)  
and 

n(C2H40)(g ) = (C2H40)n(s). 

Ethylene was polymerized [29] on a catalyst which was obtained by treating TIC13 
powder in a calorimetric vessel with vapors of aluminum alkyls, with the subse- 
quent pumping-off of the gaseous products of reactions. After evacuation, ethylene 
was admitted to the catalyst obtained, and the energy liberation on polymeriza- 
tion and the decrease of the monomer pressure were measured. Ethylene oxide 
was also [30] polymerized from the vapor phase on previously-pumped, melted 
potassium hydroxide. 

Figure 12 provides an example of recording the thermokinetic curve during a 
polymerization experiment. The monomer was admitted at point A. Point B 
shows the start of freezing of the monomer which has not reacted. The polymeriza- 
tion heat was calculated on the basis of measuring the area under curve ABC. 
A value AH~9 s = - 25.71 kcal/mole was obtained for the heat of polymerization 
of ethylene, and AH~98 = -33.52 kcal/mole for the heat of polymerization of 
ethylene oxide. We can point out for the sake of comparison that when the heat 
of combustion was used as the basis for calculation, a value AH~9 s = -25.88 kcal/ 
mole was obtained for the heat of polymerization of ethylene [31 ], and a value of 
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Fig. 12. Thermokinetic curve of polymerization 

A H~~ = -32.2 kcal/mole for the heat of polymerization of ethylene oxide [32]. 
Certain data concerning the mechanism of polymerization under the studied 
conditions were also obtained. It has been established, for instance [30], that 
the amount of polyethylene oxide chains is 3.1 �9 1 0 1 9  per 1 m s of the catalyst 
surface, which is close to the amount of hydroxyl groups per 1 m 2 of the regular 
crystalline lattice of potassium hydroxide. The calorimetric methods described 
above were also applied to study of the polymerization of butadiene and the 
copolymerization of ethylene and butadiene [33]. 

Conclusion 

We have presented results obtained during studies of various aspects of the 
mechanisms of heterogeneous catalytic reactions by the calorimetric method 
combined with the adsorption-kinetic one and with some other techniques. Many 
of the data described are of general significance for understanding the processes 
occurring in the solid body near the solid-gas interface. During the 15 years that 
have elapsed from the time of the first publication on the calorimetric study of 
sorption processes at high temperatures, this method has demonstrated its fruit- 
fulness and has become widely spread. One can expect that the possibilities arising 
from its application, especially when it is combined with other techniques, as 
well as the expansion of production of microcalorimeters, will cause further 
development of the calorimetric method as applied for the study of catalytic and 
sorption processes at high temperatures. 
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RI~SUM~ - -  O n  e xami ne  les p r inc ipaux  r6sul ta ts  ob t enus  lors des 6 tudes  effectu6es 5, l ' a ide  de 
m6 thodes  ca lor im6tr iques  h hau t e s  t emp6ra tu re s  (au-dessus  de la t emp6ra tu r e  ambian te ) ,  
sous  les aspects  su ivan t s  du  m 6 c a n i s m e  des  r6act ions  ca ta ly t iques  et de so rp t ion  sur  des  
ca ta lyseurs  en  poud re :  1) re la t ion  en t re  la ch i mi so rp t i on  et la d i s so lu t ion  des gaz dans  les 
sous -couches  superficielles des  solides,  2) inf luence d ' u n e  subs t ance  adsorb6e  en sur face  su r  
l ' ad so rp t ion  d ' u n e  au t r e  s u b s t a n c e  de  la p h a s e  gazeuse ,  3) n a t u r e  des par t icules  in term6dia i res  
form6es  lors de la r6act ion ca ta ly t ique  b. la sur face  du  cata lyseur .  Les  r6sul ta ts  de l ' app l ica t ion  
de la m 6 t h o d e  ca lor im6t r ique  h la m e s u r e  des var ia t ions  d ' en tha lp i e  au  cours  de la polym6ri -  
sa t ion  en sys t~me <~sec}} son t  pr6sent6s:  m o n o m ~ r e  gazeux  - -  ca ta lyseur  solide - -  po lym6re  
solide, ainsi  que  ceux relatifs h l '6 tude du  m 6 c a n i s m e  de ces r6act ions.  O n  m o n t r e  que  la solubi-  
lit6 a n o r m a l e  des  gaz dans  les sous -couches  superficielles des sol ides j o u e  u n  r61e i m p o r t a n t  
sur  le m 6 c a n i s m e  de la nuc l6a t ion  lors des t rans i t ions  de phases  dans  les solides. 

ZUSAMENFASSUNG - -  Die  wicht igs ten  Ergebnisse  der a u f  ka lo r ime t r i s chen  M e t h o d e n  bei h o h e n  
T e m p e r a t u r e n  (fiber R a u m t e m p e r a t u r )  b e r u h e n d e n  U n t e r s u c h u n g e n  der M e c h a n i s m e n  von  
ka ta ly t i schen  u n d  Sorp t ionsprozessen  an  pulverf/Srmigen K a t a l y s a t o r e n  werden  behande l t :  
1) Z u s a m m e n h a n g  zwischen  C h e m i s o r p t i o n  u n d  L 6 s u n g  von  G a s e n  in den  Schichten  y o n  
F e s t k 6 r p e r n  un t e rha l b  der  Oberf l~che;  2) Einflul3 der an  der Oberfl / iche adsorb ie r t en  Subs t anz  
a u f  die A d s o r p t i o n  einer anderen  Subs t anz  aus  der  G a s p h a s e ;  3) Beschaf fenhe i t  der  w/ihrend 
des ka ta ly t i schen  Vorgangs  an  der Kata lysa tor -Ober f l / i che  e n t s t a n d e n e n  ln termedi / i r te i lchen .  

Ergebnisse  der A n w e n d u n g  der  ka lo r ime t r i s chen  M e t h o d e  zur  M e s s u n g  der Entha lp ie -  
,~nde rungen  der Po lymer i s a t i on  im " t r o c k e n e n "  Sys tem:  gas f6 rmiges  M o n o m e r  - -  fester  
K a t a l y s a t o r  --  festes P o l y m e r  u n d  zur  U n t e r s u c h u n g  der M e c h a n i s m e n  solcher  Vorg~nge  
werden  mitgetei l t .  Es  wurde  gezeigt,  dab  die a n o m a l e  L6sl ichkei t  von  G a s e n  in den  Schichten  
un t e rha lb  der Oberfl~iche yon  F e s t k 6 r p e r n  f/Jr den  M e c h a n i s m u s  der K e i m b i l d u n g  wfihrend 
des Phasen / ibe rganges  in F e s t k 6 r p e r n  von  B e d e u t u n g  ist. 

Pe3R3Me - -  PaCCMOTpeHbI OCHOBHble pe3yHbTaTbI, no~yqeHHtale B ncc~eiIOBaHHflX C HOMOIIIblO 
Ka.qopriMeTpHqecKnx MeTO~OB npn  HOBblIZIeHHblX TeMnepaxypax (Bblme KOMHaTHOkI) cne~yromnx 
acneKTOB MexaHH3Ma KaTanrlTHqec~Hx ~t cop6HHOHHblX npo~eccoB Ha rlopoIHKOO6pa3HbIX KaTa- 
JTrI3aTopax: 1) COOTHOHIeHHe Meg~y xeMocop6ttne~ ~ paCTBOpeHrleM Fa3OB B HO~ITOBepXHOCT- 
HbIX C~qO~IX TBep~btX TeYI: 2) B~I~IflHI4e HpHcyTCTBI4~ O~HOFO a~cop6I,IpOBaHHOFO BeLI~eCTBa Ha 
noBepxHocTn Ha a)2cop6ttu~o )~pyroro aemecrBa n3 ra30Bofi qba3bi; 3) n p n p o ~ a  npoMe~yxoqubIX 
nacTrttt, 06pa3ymuanxc~ na  noaepxHocxH ~aTanri3axopoa B xo~e npoxeKanw~ raxanuTHqecKr~x 
npoi~eccoB. 

I'lpnBe~erlbi pe3y~t, TaTbI HCIIO~Ib3OBaHH~I Ka~op~iMeTprlqecI~vtx MeTO~OB ~ I  onpe~eneHvln 
!a3MeHemei~ 3rlTaYlbr/H~I rlpH nosu4Mep143al~!~ii, l B >>CyXHX(( CI, ICTeMax ra3006pa3nbl~ MOHOMep 
- -  TBep~blfi raTanrl3aTop - -  T B e p J ~ b l ] ~  noHHMep rl ~sl~l nonyqel-tnn ~aHHblX O MexaH/43Me rlpo- 
HeCCOB. 

O6cy~,~eH Bonpoc O 3HaqeH/414 ~IBYleHI4~I aHOMaYlbHO~ paCTBOpI, IMOCTI, I Fa3OB B nO,~HOBepx- 
HOCTHbIX CYlO~qX TBep~btX TeJ/ ~I~ln MexaHn3Ma IIO~lB.qeHl4fl 3apo~/bItue~t HOBOPI qba3bt np~t qba3OBblX 
nepexo~ax B TBep~b~X Te~ax. 
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