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Abstract

The most important results obtained since the first application (in 2002) of the third-law methodology to kinetic studies of decom-
position reactions are considered. The third-law method has been significantly improved and extended to powdered and melted materi-
als. The use of the average values of molar entropy greatly simplified its application to materials with unknown product composition
and/or unknown thermodynamic parameters. The order of magnitude higher precision and low susceptibility of the third-law method to
the self-cooling compared with the Arrhenius-plots method, guarantees measurementEopahemeter with the error less than 2%.

A significant reduction of experimental time and a possibility of simple evaluation of self-cooling are the additional advantages of this
method.

The application of the third-law method to decomposition studies permitted to support the basic assumptions underlying the physical
approach to interpretation of decomposition kinetics. A good fit of experiment to theory for the ratio of the initial decomposition temperature
to the E parameter, the peculiarities of carbonate decomposition ip &1 regularities of solid and melted nitrate decomposition are in
complete agreement with the mechanism of dissociative evaporation and consumption ofdd ffertondensation energy by reactant. It has
become possible to evaluate thparameter a priori on the basis of thermodynamic features of the low-volatility product. From comparison
of theE parameters with the molar enthalpies of the implied reactions, the decomposition mechanisms of 40 different reactants are identified.
Some peculiarities in evolution of gaseous products in atomic and molecular forms are interpreted in accordance with the crystal symmetry
of reactants. The earlier theoretical evaluations of the self-cooling effect, which can reach in high vacuum several ten degrees, are supported
experimentally.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Decomposition mechanisms for 40 reactants; Peculiarities of carbonate decomposition Ph@€ical approach; Retardation effect of melting;
Self-cooling effect; Third-law method

1. Introduction proach to decomposition kinetics (PA-theory) that provides
the basis for other studies. The second part of paper will
Not great length of time has yet elapsed since the appear-present the third-law methodology with all operational (pro-
ance (in July 2002) of the first paper on application of the cedure) details including some recent improvements and,
third-law method to investigation of decomposition kinetics also, discussion of advantages of this method in comparison
[1]. Nevertheless, because of the importance of findings overwith the traditional Arrhenius-plots and second-law meth-
this brief period for theory and methodology, there is a need ods. The third part of this paper will be devoted to con-
for consistent presentation of results reported up to now only sideration of the main results obtained with the use of this
partly in rather scattered publicatiof®s-12]. The first part of methodology. Some of them are concerned with the proof
this review will contain a short description of the physical ap- and development of PA-theory and some, what is the most
important, with the analysis of decomposition mechanisms
and regularities revealed for several classes of inorganic re-
* Tel.: +7-812-552-7741; fax:+7-812-247-4384. actants (oxides, nitrides, hydroxides, carbonates, sulfates,
E-mail address:horislvov@rambler.ru (B.V. L'vov). nitrates and hydrates).
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2. Physical approach to decomposition Kinetics and
a b
2.1. The basic assumptions Kp=Fxx P ©)
whereAH7 and A S5 are, respectively, the changes of the

The basic assumptions underlying PA-theory in its most enthalpy and entropy in reaction (1).

recent presentation may be formulated as follows: If the partial pressure’y of the gaseous component B
. . . __ greatly exceeds the equivalent pressure of the same compo-
(i) The primary step of thermal decomposition consists in ent released in the decomposition and if, in addition to that,

. the congruent dissociative evaporation of reactant. = the magpnitude of remains constant in the process of decom-
(ify Primary decomposition products may differ of those at ssition, we call such an evaporation masebaric. In this

equilibrium. case:
(iif) Part (7) of the energy evolved in the process of con- 1
- - - . N 1 ArSS AHS
densation of low-volatile product in the reaction inter- Ph=—Fr = exp——L xp(— r T) 7)
face is consumed by the reactant as a fraction of the (Pg)P/a (Pg)bla aR arT

enthalpy change. Egs. (2)-(7) can be used for the calculation of the

N _ ~ main parameters determining the kinetics of sublima-
2.2. Decomposition rate and the Hertz—Langmuir equation tion/decomposition processes: the evaporation datnd

_ ~ two traditional Arrhenius parameters, entering the Arrhe-
In case of a reactant R decomposed in vacuum into pjys equation:

gaseous products A and B with simultaneous condensation E

of low-volatility species A, i.e.: k=A exp(—ﬁ_) (8)
R(s) = aA(Q) | +bB(Q) @ As can be seen frorgs. (3)—(8), thdc parameter for reac-
the flux of each product, which ultimately determines the tion (1) should be different for the equimolar and isobaric

maximum rate of decomposition, can be expressed through™0des of decomposition, i.e.:

the so-called equivalent partial pressiRg, (bar) of this e  ArHT  AtHp )
product corresponding to the hypothetical equilibrium of v a+b
reaction (1) in a general forfi3]: for the equimolar mode and
yYMPgq i ArHS ArHY
= -1 2 P_Zrr 2T
(2TMRT)L/2 @ E v—>b a (10)
where M is the molar mass of product. Herp = for the isobaric mode. In the former case, tg@arameter

10° Pabar is the conversion factor from bars used to cal- corresponds to the enthalpy of the decomposition reaction
culate partial pressures in chemical thermodynamics to pas-féduced to one mole of all primary products or to thelar
cals. This relationship is usually called the Hertz—Langmuir enthalpy, and in the latter case, to the enthalpy of the decom-

equation. position reaction reduced to one mole of primary products
without including components of that present in excess.

2.3. Equilibrium pressure of product for dissociative Interpretation of the physical meaning of theparame-

evaporation ter is a central part of ideology in kinetics of solid decom-

position. This quantity is usually interpreted as the energy
The partial pressuré®a, of product A can be calculated ~ barrier on the way of reaction and its magnitude in majority
from the equilibrium constank p, for reaction (1). In the of cases is proposed to be higher than the enthalpy change
absence of reaction products in the reactor atmosphere, thdr imaginary equilibrium reaction. This is not the case. As
situation corresponding to treguimolarevaporation mode, ~ Shown above, the value of tie parameter is actually the

the partial pressurBa can be expressdd3] as molar enthalpy of the real reaction (Fig. 1).
. Kp\ YV [ Mp /% 2.4. Calculation of the entropy and enthalpy of
Pp=a <7) <M_B> decomposition reaction
b 2 o e}
__a <%) /2 eXICArST exp(— ArHT) 3) The entropy change for decomposition reaction (1) is cal-
F1/v \ Mp VR vRT culated from the obvious equation:

where ArS7 =aSy(A) +bS(B) — S7(R) (11)
F=ad xb’ (4) Calculation of the enthalpy change is more complicated. In

order to take into account the partial transfer of the energy re-
v=a-+b (5) leased in the condensation of low-volatility product A to the
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Activation energy Molar enthalpy
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Chemical
approach

Physical
approach

Fig. 1. Interpretation of th& parameter in different approaches. The sym-
bols A;H (equilibrium) andA;HY. (true) correspond to the enthalpies
of ideal equilibrium and real decomposition reactions, respectively.
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for the isobaric mode (at = b = 1), where Pg is the
external pressure of gaseous product B.

The equivalent pressure of the gaseous product is related
to the total absolute rate of decompositidrikg m—2s-1),
by the Hertz—Langmuir equation (2) rewritten as

_ (2nMRTY2)

= 17
= an

Here M is the geometrical mean for molar masses of prod-
ucts or

W= (M2 x ME)H @D (18)

reactant, we introduced into calculations of the enthalpy of 3-2- Operating conditions

decomposition reaction (1) an additional tera\cH5.(A),
where the coefficient corresponds to the fraction of the

As it follows from consideration oEq. (15), using the

condensation energy consumed by the reactant. Thus, wdhird-law method for determination of tHe parameter as-

can write

ArHT =aAtH7(A) + bAtH3(B)
— AtH(R) + taAcHS(A)

= AvapH% + 'CCZA(;H;*(A) (12)

whereAyvapH7 is the enthalpy of the dissociative vaporiza-
tion only.
Taking into accounkgs. (9) and (12), we obtain:

_ VE —aAtH3(A) — bAtH°T(B) + AtH3.(R)
B alcHS(A)

T

_ vE — AvapH%

aAcHG(A) (13

As was revealed recentfy,9], the r parameter varies for
different reactants and is in correlation with the reduced
value of condensation energy.H5 /RT, at decomposition
temperature (seSection 4.3).

3. Thethird-law method
3.1. The principle of the method
The third-law method is based on the direct application
of the basic equation of chemical thermodynamics:
ArHS = T(ArS5 — RInKp) (14)

where, as beforeKp is the equilibrium constant for the
reaction (1). Taking into accoulgs. (5), (6), (9) and (10),
Eq. (14)in the case of decomposition of reactant in vacuum
can be reduced to the equation;

A S5
Ee=T( d T—RInPeq) (15)
V
for the equimolar mode and to the equation:
E' = T[A(S5 — RIN(PeqPp)] (16)

sumes a possibility of evaluation of the equivalent pressure,
Peg, in conditions of free-surface decomposition of reactant
and the availability of data necessary for calculation of the
molar entropy of reaction)\;S% /v. In its turn, calculation

of Pgq value from the Hertz—Langmuir equation assumes a
possibility of measuring the absolute rate of decomposition,
J (kgm2s71), what suggests a possibility for evaluation
of the efficient surface area of decomposed sample. Let us
consider these topics in more detail.

3.2.1. Free-surface decomposition
Condition of free-surface decomposition means the ab-
sence of any diffusion limitations for the escape of gaseous
product from the surface of decomposed sample. This con-
dition is usually referred to high vacuum in the reactor
(<10-8bar). However, in many cases, this prerequisite is
too high (superfluous). It is easy to estimate an allowable
level for the presence of foreign (inert) gas in the reactor if to
compare the decomposition rate in high vacuum described
by Eq. (2) with the decomposition rate in the presence of
inert gas described by one-dimensional diffusion equation
[13]:
J YMDPeq
~ ZRT

HereD is the coefficient of diffusion of product vapors in
inert gas ana the distance from the vaporization surface to
the sink, where the concentration of product vapors drops to
zero. The presence of inert gas can be neglected if

(19)

20

ZRT ~ (27MRT)/2 (20)
That means that
RT \ /2

D>z|— 21

> (97 (21)

If we further take into account tht4]

7\18

D= Dot (— 22

0P <T0> (22)



186

where Py = 1bar, 7o = 273K andDg = 2 x 10 °m?s1
(for O, CO, CQ and HO diffusion in argon, air or nitrogen
[14]) and assume that = 0.05kgmol ! andz = 4mm=

4 x 103 m (the height of a crucible with sample), then
allowable pressureR, of inert gas in the reactor can be
evaluated from the relationship:
P <4x108rt3 (23)

It can be seen froriq. (23)that P = 3x 10~*bar at 1000 K
and 2x 10~%bar at 700 K. This means that in many cases
the condition of free-surface decomposition can be achieved
at evacuation of reactor with only a rotation pump. For il-
lustration, the rate of decomposition of dolomite at 800K is
practically identical (Bx 107> and 1.8x 10 °kgm2s~1)

at residual pressure of air, respectivelyx 20~4 and 8x
10-8bar[3]. (A small increase of the rate in low vacuum
is related to reduction of the self-cooling effect. This topic
will be discussed in detail below.)

3.2.2. Absolute rate of decomposition

For application of the third-law method to the determina-
tion of theE parameter, it is necessary to know the absolute
rate of sample decompositiah(kg m—2s-1). For crystals
or pressed pellets with a low porosity, the effective surface
area of decomposition could be evaluated from the known
geometry of samples. The evaluation of the efficient surface
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whose decomposition occurs at the same rate as that of the
surface layer.

Such calculations have been performed by L'vov and
Ugolkov 3] for the decomposition of dolomite (crystals and
powders) in high and low vacuum as a function of a total
number of powder layers (= 10 and 100) and values of
the emittance parameter & 1, 0.3, 0.1, 0.03 and 0.01).
The following conclusions were deduced from the analysis
of these data:

1. In all cases, the self-cooling effect is increased with re-
ducing of the emittance parameter. The effect is more
pronounced for powders compared to crystals.

2. The self-cooling effect in low vacuum §P = 2 x
10~4bar) is much smaller than that in high vacuum
(Pair < 3 x 10~/ bar).

3. The difference in the grain size and mass of a powder
sample (nvalues) has practically no effect on the tem-
perature distribution and the effective humber of pow-
dered sample layers {nwhose decomposition occurs at
the same rate as that of the surface layer.

4. The difference in the decomposition rates for powders
and a crystal is not very high. In the range of the
parameter from 0.01 to 0.3, this difference is within a
factor of 2 or smaller.

The last conclusion is extremely important for application
of the third-law method to the calculation of tegparameter

area of powders with the undefined grain size and numberin cases of powder samples. It means that, irrespective of the
of particles presents a serious problem. In principle, the ap- differences in temperature and surface area between powders
plication of the BET technique permits to determine this and crystal, the absolute rate of powder decomposition can
value. However, the decomposition of powders is not spa- be approximately estimated taking into account only the
tially homogeneous. Because of the self-cooling effect, the outer surface area of powdered sample. This value can be
temperature of inner parts of the powder is lower than that easily evaluated from the geometry (diameter) of the crucible
of the surface. This fact was noted in many works though and the thickness of powder layer in the crucible.
no one tried to investigate this problem quantitatively. The above theoretical conclusions were verified experi-

L'vov et al. [15,16] proposed a fairly simple theoretical mentally on different samples of dolomite taken in the form
model and developed a program to compute the tempera-of natural crystals and powdef3]. The absolute rate of de-
ture of individual crystals and the layer-by-layer temper- composition for powders () in all cases was higher than
ature distribution in powder samples during the course of that for the crystals ¢) and, as was shown, the difference
their decomposition in vacuum and in the presence of for- in the decomposition rates for powders and crystals is rather
eign gases. It is suggested that the heat expended in decomeonstant and does not depend on the temperature, residual
posing a sample in a stationary regime is compensated bypressure of air in the reactor, the mass of powder samples
the radiation emitted by the heater (a crucible) and pow- and the size of grains. The mean value of the raid; at
der grains and through heat transfer by the gas moleculesdifferent temperatures is equal tB2: 0.4. This magnitude
Simulation of the temperature distribution, inside a powder is a bit higher than that expected from the model calcula-
sample, can be reduced to modeling the vertical distribution tions. Most probably, this is related with the uneven surface
between horizontal layers of this material of thickness equal of layers of powder. In particular, the surface formed by
to the powder grain diameter. If the furnace temperature is spherical particles is about twice in area compared with that
the same on top and at the bottom of the sample, the analysidor a flat surface. It might be higher than twice for grains
can be limited to considering only one-half of such multilay- with the irregular shape.
ered sample, from the central, zeroth or first layer, tontie Based on above results, a simple procedure was proposed
outermost layer. All the calculations are performed with the for determination of th& parameter by the third-law method
laboratory-developed computer program describeld &). from the data obtained for powder samp|8§ It consists

In addition to the temperature distribution, the program in evaluation of the absolute decomposition rate of a pow-
permits to calculate simultaneously the quantigycorre- der sample (reduced to the unit of the outer surface area
sponding to the effective number of powdered sample layersof a pellet formed by the powder sample in a cylindrical
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crucible). The value received is lowered by the empirical fac- Table 1
tor and then used for the calculation of Bparameter by the The molar en_tropy for decomposition reactionsPag = 10~/ bar (metal
third-law method. The magnitude of this factor§2: 0.4), products are in the form of free atomig)—20]

as noted above, does not depend on the temperature, resid?ecomposition reaction T (K) ASz/v
ual pressure of air in the reactor, grain size and mass of a (@mol K1)
powder sample though its constancy for any one of differ- FeO— Fe + 120, 1200 130.0
ent reactants deserves further investigation. This procedure(N:F’OO_’ ’\(13_0 1%202 1;2? igg'g
permitted to greatly expand the application of the third-law MIgO_; ,\'AJ + 1,2202 1600 137'.9+
method to the determination of decomposition kinetics for mMno — Mn + 1/20, 1600 1273
many solids available only in the powder fof3+12]. CwpO — 2Cu+ 1120, 800 128.0
The similar technique can be applied to investigation of €dO— Cd + 1120, 1300 129.0
melts. To eliminate spreading of melt over the surface of ;r?co)j ?r?:c? 122?) ﬁjg
crucible in the process of heating, a mixture of reactant with 45, ¢4 1 1725+ 1/4S, 1000 1275
some neutral powder (e.g., ZAD3) taken in the ratio of 1 to CdSe— Cd + 1/2Se+ 1/4Se 1000 123.9—
1is used. After melting of reactant, such mixture retains the znS — zZn + 1/2S + 1/4S 1000 131.2
powder structure of AlO3 so that evaluation of the absolute ZnSe— Zn + 1/2Se+ 1/4Se 1000 121.5-
decomposition rate remains identical to that described above B&Nz2 — 3Be+ N + 1/2N, 1600 135.1
. . . MgaN2 — 3Mg + N + 1/2N, 1000 131.3
The technique was applied to melted Ag and Cd nitrgit@s BN — B + 1/2N, 1800 154.7+
Equality of absolute rates of decomposition for mixtures of AN — Al + 1/2N + 1/4N, 1800 148.5+
melted AQNQ and AbOs taken in different ratios (1:1 and  GaN— Ga+ 1/2N + 1/4N, 1200 135.3
1:5) supported this scheme of calculation. INN —In + 1/2N + 1/4N, 1120 138.3
SigNg — 3Si+ 2N + N3 1700 155.3+
NaNs — Na+ N + N 133.
3.2.3. Entropy change K;’;bﬁ K iJ,:l ;,;2 2 ggg 132.2
The availability of data necessary for calculation of the pp(ng), — Pb+ N 4+ Np + N3 300 141.9
molar entropy of reaction),S5 /v, is at first glance a seri- ~ AgNOs()) — Ag + NO; + 1/20; 570 128.5
ous limitation for application of the third-law method. For- AgNOs — Ag + NO; + 1/20, 480 142.4
tunately, the situation in this field is significantly improved Average+ S.D. (n= 25) 136+ 9

over the last 40 years and for majority of substances the
values of entropies in standard condition§{¥ and corre-
sponding temperature increment$.(SS5qg)were calculated
and published in tabulated form in many handbooks (as an
example, i17-20]in Russia). Nevertheless, in some cases, of calculation of theE parameter are not distinguished in
for example, for low-volatility molecules in the gaseous state precisjon.

(e.g., metal salts), these data are absent. In some cases, It

is possible to estimate the entropy value from a compari- 3 3 precision

son with the known entropies of similar molecules for other

metals. This approach was used, for example, for gaseous as can be seen from the analysis of results reportgtih

2 The AS5/v values outside 13& 9 Jmol2 K1 interval are denoted
by marks:— or +.

molecules of L3SQy, CaSQ and CuSQ [4]. for several hundreds of substances (mainly related to their
More general approach for estimation of molar entropy  enthalpies of formation or sublimation) and the results of
was demonstrated ifi]. Instead of true values ohS7/v recent application of third-law method to the determination

for 20 different reactants, their average magnitude @48 of the E parameter for many decomposition reactifirsl 2],

17 Jmot ' K~) was used for all these reactants. The cor- the data calculated by the third-law method are in general
relation between th& parameters and the molar enthalpies the order of magnitude more precise than those calculated by
for corresponding decomposition reactions was a bit worse the second-law method and Arrhenius-plots methods. This
for the approximate version: the mean value of R.S.D. was s connected with the different impact of systematic and

5% compared with 3% for the precise version. random errors in the determination of the true temperature
Our recent analysis ok, S7/v values for 50 differentre-  of reactant and, P or k variables onA HS. or E values. It
actants has revealed significant differences\y$7 /v be- is clear if we compar&gs. (14)—(16with Eq. (24)valid in

tween the reactants decomposed with formation of free metalcases of the second-law and Arrhenius-plots methods:
atoms and reactants decomposed up to metal products in the

form of free molecules. As can be seen fréables 1 and 2, IN'C 1 R Prax TrmaxTmin | Prax

o /i 1p-1 T= 71 T hINo— = ) Rin i
the average value &S5 /v is equal to 136:9 Jmol =K T — Trax Prin Tmax — Tmin Prin
in the first case and to 1609 Jmol1 K1, in the second. (24)

In both cases, R.S.D. values are only one-half its value for
all 50 reactants. As will be shown later (Section 4.5), under where Pnax and Ppin are, respectively, the partial pressures
these circumstances, the approximate and precise versionat the maximum (#ayx) and minimum (%in) temperatures
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Table 2
The molar entropy for decomposition reactionsPag = 10" bar (metal
products are in the form of free moleculd4y—20]

Decomposition reaction T (K) ASS /v
(Imolrtk—1a
2P (red)— P 600 162.3
6As — Ass + Asp 550 157.3
6Sb — Shy + Shkp 650 152.9
GeQ — GeO+ 1/20 + 1/40, 1300 167.9
SnG — SnO+ O 1240 160.7
P04 — 3PbO+ O 700 153.7
Be(OHy — BeO + H,O 395 169.1+
Mg(OH); — MgO + H,0 530 163.0
Ca(OHp — CaO+ H,O 570 153.5
Sr(OH), — SrO + H0 595 151.7
Ba(OHy — BaO + H,O 600 140.0—
Zn(OH), — ZnO + H20 380 168.2
Cd(OH) — CdO + H,0 400 164.3
MgCO3; — MgO + CO, 670 174.8+
CaMg(CQ), — CaO+ MgO + 2CO, 800 166.0
CaCQ — CaO+ CO, 860 158.0
SrC%; — SrO+ CO 910 161.0
BaCQ; — BaO + CO» 1060 142.0—
MgSOy — MgO + SO, + O 1010 171.0+
BaSQ — BaO+ SO, + O 1390 152.0
Cd(NG3); — CdO + 2NO, + O 550 163.0
Pb(NG;)2 — PbO+ 2NO, + O 530 160.0
LioSOy-H20 — LipSOs + H20 300 175.9+
CaSQ-2H,0 — CasSQ + 2H,0 310 159.8
CuSQ-5H,0 — CuSQ + 5H,0 290 159.1
Average+ S.D. (n= 25) 160+ 9

2 The AS5./v values outside 16& 9 Jmol-2 K1 interval are denoted
by marks:— or +.

of the experiment (in case of the Arrhenius-plots method,
the rate constant%, or absolute rates), are usually used
in place ofP values). Instead of a proportional dependence
of the error inA HY. (or the E parameter) determination on
the error ofT in case of the third-law method, the error in
A H% determination is proportional to the error in the slope
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and Arrhenius-plots methods. But the difference may be
even more dramatic. There are some reports in the literature
when the ratidlmax/(Tmax — Tmin) and resultant difference

in precision reaches a factor of 30-50.

If reproducibility in measurements of rates of decomposi-
tion is within of factor 2 (this assumption is supported by our
experience), relative deviations of tRgparameter should be
lower than 2%. This follows from the analysis Bfj. (15)
if to take into account the average values/&fS7 /v and
RIn Peq (148 and 134 Jmoft K—1, respectively).

3.4. Time spent for the experiment

The application of the third-law method at only one tem-
perature greatly reduces (by a factor of 10 or more) the total
time spent for the experiment in comparison with that for
the second-law and Arrhenius-plots methods. This is easy to
understand by considering the total number of points usu-
ally used for plotting. Most of the workers who applied the
second-law and Arrhenius-plots methods under isothermal
measurement conditions used, by our estimalignfrom
10 to 60 points. Even in the non-isothermal experiments, at
least three heating rates are recommended in order to cor-
rectly describe the course of reaction. In case of the third-law
method, a single measurement of the decomposition rate
takes entirely not more than 2-3 h.

4. Applications

4.1. The initial decomposition temperature and the E
parameter

The first application of the third-law method to the ther-
mal decomposition of solids was related to investigation of
the interrelation between the initial temperature of decom-
position and thée parametefl]. As follows from Eq. (15),

of the plot in cases of the second-law and Arrhenius-plots the ratio of these quantities is equal to

methods. As can be seen from comparisoiqf (24)with
Egs. (14)—(16), this leads ®nax/(Tmax— Tmin) increase of
error.

T 1
E®  ASr°/v— RIn Peq

(25)

Under rather typ|ca| measurement ConditionS, e.g., at It happened that for different instrumental tEChniques and

Tmin = 900 K andTax = 1000 K, an error of 10 K because
of the self-cooling effect (i.e., d@max = 990K instead of
1000K) results in the error ith H3 calculation about 9%
instead of only 1% in case of the third-law method ap-
plied at Tmax. Furthermore, as can be seen fréq. (15),

a twofold difference in the absolute rate of decomposi-
tion can introduce 5.2kJmot error in the determination
of the E parameter at 900K by the third-law method. In
case of the Arrhenius-plots method (Eq. (24)), a twofold
difference in the ratidPmax/Pmin (Or kmax/'kmin) should in-
troduce 52kJmolt error in the determination of th&
parameter (amin = 900K andTmax = 1000 K). There-
fore, precision of the third-law method is, on the average,

different experimental conditions used in kinetic investiga-
tions, the reported initial temperatures of decomposition,
T;, correspond, with rare exceptions, to the partial pres-
sure of gaseous products of about 10ar (within of fac-

tor of 10 in both directions). This item has been discussed
in [1]. The averaged value of molar entropy is equal to
1484 17 Imot 1K1 (Section 3.2.3). Therefore, the/ES
ratio can be presented (KkImol) as

T 1000 ~ 1000
E®  (148+17)+ (134+19) 282+ 25

=3.5+0.3
(26)

To compare this theoretical prediction with experiment,

the order of magnitude higher than that of the second-law L'vov [1] collected availabld;/E® values reported in the lit-
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erature. Different types of reactants were used for compar- of the E parameter to the molar enthalpy of corresponding
ison: from some metalloids (As and Sb) and simple binary reaction.
compounds (oxides, sulfides, selenides, nitrides, carbides
and borides) to metal salts of inorganic and organic acids 4.2. Carbonate decomposition in GO
(nitrates, sulfates, carbonates, permanganates, formates, ac-
etates and oxalates), and hydrated salts. Some explosive sub- The peculiarities of thermal decomposition of alkaline
stances (azides, ammonium salts, tetryl, metal styphnatesearth carbonates in atmosphere of3@re studied over the
and nitrogen iodide) were included as well. The initial de- |ast 70 years in many works. However, there is no agreement
composition temperatures for these substances range fromn quantitative and even in qualitative interpretation of kinet-
253K for nitrogen iodide to 2973K for TaC. In all cases, ics for this reactiori6]. In most of the publications, increase
the experiments were performed in vacuum or an inert at- of CO, pressure is accompanied by increase of Ehga-
mosphere, i.e., in the absence of primary gaseous productsameter, which in some cases reached 2000-4000 kJmol
in the reactor (the equimolar mode of evaporation). At the same time, the peculiarities of thermal decomposi-
These data were arranged into two groups. The first grouption of carbonates in atmosphere of £€an be used as a
contained the results for the decompositions of 50 substances/ery convincing argument pro et contra one or other mecha-
into gaseous products only and the second group, for the denism of decomposition, in particular, the mechanism of ther-
compositions of 50 compounds into gaseous and solid prod-mal decomposition based on the primary dissociative evap-

ucts. The distribution offj/E® values for all 100 reactants
is shown inFig. 2. Each point of this distribution was cal-
culated within steps of equal increment (0.2)TiE® ratio.

oration of reactant with simultaneous condensation of the
low-volatile product. Assuming the validity of this mecha-
nism, two important consequences can be deduced from the

The distribution is rather close to the Gaussian curve. This above theoretical discussion (Section 2):
is in agreement with a random origin of errors.

As has been deduced from the analysis of these rd&iilts
the average value of the rati/E€ (3.6 + 0.4 K kJ-1 mol)
practically coincides with its theoretical value. No differ-
ence was observed between the m&dag® values for re-
actants decomposed into gaseous products only and those
ultimately decomposed to yield solid and gaseous products.
All the above strongly supports the validity of the con-
cepts that form the bases Bfy. (25), i.e., the dissociative
evaporation mechanism of decomposition and the equality

1. The value of theE parameter for decomposition of
carbonates in the presence of £@he isobaric mode)
should be invariant with respect to the partial pres-
sure of CQ, P(/:oz- This follows from consideration of
Egs. (2) and (7defined the temperature dependence of
the decomposition rate.
2. The values of th& parameter for solid decomposition
in the presence of gaseous product B (the isobaric mode)
and in its absence (the equimolar mode) should be sub-
jected to the relation:

()

and in case of carbonate decomposition (whea 1 and
v = 2), to the relation:

v

25 (27)

a

20 -
E' = 2E® (28)
When the experimental results obtained[@} and re-
ported in the literature are compared with these theoretical
predictions, it becomes apparent that they are in excellent
agreement. First, the values of tRgparameters for decom-
position of CaCQ@ (Table 3) and SrC® (Table 4) in the
presence of C® are invariant with respect to the partial
pressure of C@varied in the range of 4-5 orders of mag-
nitude. Secondly, the values of theparameter for decom-
position CaCQ@, SrCQ; and BaCQ in the presence and in
the absence of CO(Table 5) are subjected to the theoret-
ically predicted relation (28). The averaged vakéEe is
equal to 1.98t 0.03 instead of 2.00. It could not be bet-
ter. Note that Beruto et aJ21] reported recently the value
of E' = 440+ 10kJmot? for decomposition of natural
dolomite powder in atmosphere of GQOwhich is of factor
1.8 higher than the valug® = 246+ 1 kJ mol! measured
in vacuum by L'vov and Ugolkoy3].

15 4

10 4

Frequency of occurrence

3

4
(Til/E) 1 (K mol k™)

3.5

Fig. 2. The frequency of occurrence BfE values in steps of equal incre-
ment (0.2). A total of 100 values are includgld. The curve corresponds
to the Gaussian distribution.
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Table 3

Values of theE parameter for CaC®decomposition in the presence of €@alculated by the third-law methdé]

Atmosphere Pg, (bar) T (K) Peq (bar) ASS (ImoltK—1 E (kJmol1)2
N2 (dry) 2.0x 107t 1123 4.75 x 1077 307.2 496.0
N2 (dry) 6.0x 107t 1173 9.70 x 1077 305.8 498.7
N2 (dry) 5.4 x 107t 1223 5.00 x 106 304.2 502.4
Vacuum 1.0 x 1074 898 510 x 1078 314.6 493.8
Vacuum 1.0 x 1073 983 8.00 x 1078 311.9 496.6
Vacuum 1.0 x 1073 1006 1.08 x 1077 311.3 505.1
He (8 mbar) 3.6 x 1076 857 2.23x 1078 316.1 485.7
He (8 mbar) 15x 10°° 897 5.60 x 1078 314.6 489.8
He (8 mbar) 4.0x 1073 935 1.49 x 1077 313.4 494.0
He (8 mbar) 5.8 x 1073 954 2.46 x 107 312.8 496.5
He (8 mbar) 7.8 x 1075 974 4.86 x 1077 312.2 498.4
Ar 1.0 x 107t 1100.3 9.05x 107 308.0 487.3
Ar 1.0 x 101 1071.0 1.30 x 1077 308.9 492.5
Ar 1.0 x 107t 1070.9 1.80 x 1077 308.9 489.3
Average 1020+ 110 495+ 6

@ Calculated byEg. (16).

Table 4

Values of theE parameter for SrC@decomposition in the presence of g@alculated by the third-law methdé]

Atmosphere Peo, (bar) T (K) Pegq (bar) ArS5 (ImoriK—1 E (kJmol1)2
Vacuum 39x 10°° 1003 6.4 x 10°° 318.9 562

Vacuum 22 x 107% 1053 5.0 x 1079 317.0 575

Vacuum 1.3 x 103 1133 4.7 x 1078 314.5 578

Argon 1.0 x 101 1131 5.0 x 1079 314.6 557

Argon 1.0 x 10t 1151 2.7 x 10°° 313.9 572
Average 1090 + 60 569+ 9

a Calculated byEg. (16).

The agreement of experimental results with theoretical with the molar enthalpy of deduced reacti@2]. That was,
predictions should be considered as a very strong proof of on admission of the author himself, “the most weak point
the validity of the primary dissociative evaporation mecha- of the theory as a whole[23]. It was assumed23] that
nism for carbonate decomposition and the physical approachin most cases “the condensation energy is approximately
to the interpretation of kinetics of solid decomposition on equally divided between the reactant and product phases”,
the whole. (No other explanation for regularities observed so that ther parameter should be equal to 0.50. However,
could be proposed). The failure of all the previous investi- as it became evident lately, this is not the case. Analysis of
gations into the effect of Con kinetics of carbonate de- variation of r parameters for eight different reactants (all
composition may be attributed mainly to shortages of the for alkaline earth metals) made it possible to correlate these
Arrhenius-plots method and, in case of calcite, to the strong values with the supersaturating degree of the low-volatile

catalytic effect of HO vapor on the decomposition rate. product (metal oxide) at the moment of decomposifith
This correlation was approximated (with the correlation co-
4.3. Correlation between the parameter and efficientr? = 0.894) by the equation:

thermodynamic features of the low-volatility product ¢ = 0.138Inxy + 0.03 (29)

The T parameter was introduced into PA-theory primar- wherex;=l0g(Peq/ Psap. HerePeq and Psyt are the equiva-
ily as adjusting factor to correlate the valueEbparameter lent and saturation pressures of low-volatile product, respec-

Table 5

Experimental values of the parameter for carbonate decomposition in the isobaric and equimolar rfgjdes

Reaction T (K) E (kJmol 1) E//E®
Isobaric Equimolar Isobaric Equimolar

CaCQ — CaO(g) + CO, 1020 820 495+ 6 254+ 6 1.95

SrCQ; — SrO(g), + CO, 1090 908 569+ 9 286+ 1.3 1.99

BaCQ; — BaO(g), + CO» 1249 1077 605+ 1 302+ 1.5 2.00

Average 1.98+ 0.03
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tively. Recently it has become possible to add to this list of 4.4. Decomposition of melted reactants
reactants a number of new data for six hydroxides and also
for BN [9]. The approximation function: Tremendous importance for further development of
PA-theory is a comparison of the decomposition rates for
v =0.134Inx, + 0.07 (30) solid and melted reactants in vacuum. Such comparative
h experiments have been performed recently by L'vov and
Ugolkov [10]. As can be seen fronfable 6, in spite of
).about 100K difference in temperature, the decomposition
rates for AgQNQ@ in Cd(NQ;)2 in solid and melted states
are rather similar. (The difference of the two-three orders
of magnitude is expected based on the values of Ehe
parameter.) It means that, on some reasons, the decomposi-
tion of solid reactants slows down after their melting. This
T =0.427Inx; — 1.49 (32) conclusion is in contradiction to the widespread opinion:
) “Melting is an important feature in theoretical considera-
Instead of the supersaturating degreeslog(Feq/ Psa). the  tions of crystal reactivity because chemical changes often
reduced value of condensation enengy= In(=AcH7/RT),  proceed more rapidly in a melt than in the solid stdgs].
was used as a controlling parameter. The correlation coef-This gpinion is based on the following reasonable though,
ficient mcreased in this case from 9.882 up to.0.936. The 4 best, only a priori assumptions: “Reasons why reactions
correlatzlon between andx, can be improved still further ot 5olids may proceed more rapidly in a molten zone than
(up tor® = 0.966) if to approximate this relationship with  \yithin a crystalline reactant, include: (i) relaxation of the
a quadratic polynomial (Fig. 3): regular stabilizing intercrystalline forces; (ii) establishment
= _0'1312()62)2 +1.5762 — 3.9757 (32) of a _favorable config_grat_ion fqr ghemic_al c_:h_ange may be
possible due to mobility in a liquid but inhibited within a
The correlation revealed should be considered as the mostigid crystal structure; (iii) the influences of intermediates
important step in the development of the physical approachand impurities may be greater (or different) in a molten
as awhole. Now, when it has become possible to evaluate thephase[25].
T parameter a priori on the basis of the saturation pressure, Meanwhile, the retardation effect of melting can be easily
Psay Or condensation energycH7., for the low-volatile explained and quantitatively evaluated in the framework of
product at decomposition temperature, the physical approachthe physical approach to decomposition kinetics. As stated
gains the features of completed self-consistent theory. But,in [23], the formation of product/reactant interface in the
some questions remain unanswered. The all-important prob-process of solid decomposition with a partial transfer of
lems consist in the physical interpretation of this correlation condensation energy to the reactant (g4#5.) reduces the
and the mechanism of energy consumption by the reactant.enthalpy of reaction and increases the decomposition rate.

has not been changed significantly in comparison wit

Eq. (29), though the range of supersaturating degredor

all 15 reactants was more than doubled (81.3 against 37.5
The other possible way for description of the correlation

between the parameter and thermodynamic characteristics

of the low-volatile product was proposed[B]. The approx-

imation function takes the form:

0.8

0.7 1

0.6 4

0.5 1

0.4 1

0.3 1

T parameter

0.2 4

y =-0.1312%¢ + 1.5762x - 3.9757
r* = 0.966

-01 T T T Y T T T T T T
3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6

In[-A.H 7IRT]

Fig. 3. Dependence of the parameter on the condensation energy of low-volatility product at decomposition temperature.
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Table 6

The final kinetic parameters for decomposition of solid and meltédtates[10]

Nitrate T (K) J (kgm=2s71) Primary product$ E (kJmol 1) ArHS /v (kJmol?)
AgNO3(s) 472 3 x 1077 Ag(g); + NOz + 1/20, 146.0+ 0.5

AgNOs(l) 573 8 x 1077 Ag(g) + NO2 + 120, 164.5+ 0.6 167.7+ 1.0
Cd(NGs)2(s) 563 7 x 1076 CdO(g), +2NO, + O 1745+ 1.5

Cd(NG)2(l) 660 1x 10°% CdO(g)+ 2NO; + O 194.24+ 0.8 204.3+ 1.0

@ The melting points of AgN@ and Cd(NQ), are equal to 483 and 633K, respectively.
b An arrow (|) implies taking into account partof condensation energy consumed by the reactant.

In the absence of such interface for a liquid reactant, the cally absent. One possible explanation of this situation might

enthalpy of reaction corresponds to the condition= O. be distrust to the results of comparison of these quantities,
Therefore, the difference in thE parameter for a liquid  which is connected with uncertainty in the values of Ehe
and solid reactant should be equal#oA:H? /v. Indeed, parameter measured by the Arrhenius-plots method. As an
the experimental values of tHe parameter for liquid and  example of this distrust, the comment by Vyazovki9]

solid AgNG; (Table 6) differ by the value ofaAcHS /v = can be mentioned: “Note that comparison of theoretical val-
165— 146 = 19 kI motL. The corresponding difference in  ues of the activation energy with the experimental ones may
case of Cd(N@), decomposition is equal to 194174 = itself present a considerable challenge as the reported values
20kJmot L. Now it is easy to understand the reason of the tend to be widely differing”.

drop of decomposition rate in the moment of Cd@® With a recent introduction of the third-law methodology,
melting observed by QM$6]. the accuracy and precision of measured values oEtpa-

The results of these comparative experiments for Ag rameter were greatly improved. As a rule, the R.S.D. in
and Cd nitrates are in complete agreement with the re-these measurements is lower than 2%. The same or lower
sults of similar experiments for Ca(Np reported by uncertainty can be expected in theoretical values of molar
Ettarh and Galwey27]. The melting point of Ca(Ng)2 enthalpy, Ay H%/v. By now, the data on th& parameter
is 836 K. The values of th& parameter measured [&7] were accumulated for several classes of reactants popular
for solid (774-820K) and melted nitrate (22910 and in TA. Most of them (oxides, nitrides, hydroxides, carbon-
315+ 20kJ mot1) are in a good agreement with the results ates, sulfates and nitrates) were measured by L'vov et al.
of our calculation of molar enthalpy (234 and 318 kJ m)l [2-12]. In other cases (P, As, Sb, azides, sulfides, selenides
for corresponding reactions: and some nitrides), the primary experimental data reported
in the literature (equivalent pressures and/or absolute rates

CaNOz)2(s) — Cal(9)} +2NC, + O (33) of decomposition) were used for calculation of thparam-
Ca(NO3)»(l) — CaO(g)+ 2NO, + O (34) eters by the third-law method. All these data are collected
in Tables 7 and 8Table 7contains the corresponding ki-
The calculated value ofaAcHS /v = 84 kJ mol L practi- netic parameters for reactants decomposed up to the gaseous
cally coincides with the experimental difference in thpa- products andable 8contains the same data for reactants ul-
rameter for melted and solid nitrate, i.e., 86 kJmolThe timately decomposed up to the solid and gaseous products.
rise of theE parameter for melted Ca(Ng» was left in[27] The values of thé&s parameter for all reactants were calcu-

without comments, though this fact is in obvious contradic- lated using two approaches. The first of them corresponds
tion to the concept of increased reactivity of melts advocated

by the authorg27]. On the whole, the peculiarities of de-

composition of solid and melted nitrates that were discussed ) ’—|

above strongly support the basic principles of PA-theory. FXPERIIENT e

It needs to be ascertained if these findings are common

to decomposition of other reactants, in particular, of some

low-melting hydrates. PRIMARY PRODUCTS DECOMPOSITION
. CORRESPOND TO PROCESS PROCEEDS
. . . ASSUMPTION THE EQUILIBRIUM BY DISSOCIATIVE
4.5. Interpretation of decomposition mechanisms COMPOSITION EVAPORATION

Over many years (starting in 19§28]), this author, in

agreement with PA-theory, used a comparison of the molar couL HOW THE WHAT ARE THE
enthalpy, A, HS /v, of corresponding decomposition reac- DECOMPOSITION PRIMARY

i . T . . . PROCEEDS? PRODUCTS?
tion with the E parameter of the Arrhenius equation for in-

terpretation of the decomposition mechanism (Fig. 4). How- APPROACH CHEMICAL PHYSICAL

ever, any impact of this approach on traditional scheme of Fig. 4. The simplified schemes for the chemical and the physical ap-
interpretation of the decomposition mechanisms is practi- proaches to the investigation of decomposition mechanisms.
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Table 7
Thermodynamic and kinetic parameters for thermal decompositions of reactants up to the gaseous products
Deduced reaction v T(K) ArHS (ASS/v) Peq (bar) ArHS /v E (kImol 1) Reference
1 11 1

(kImof™)  (Imof=K™) (kImaf™) Third-law®*  Reported
2P (red)— P 1 600 183.500 162.300 35x 108 184 183/182 218 [31]
6As — Ass + Asp 2 550  353.800 157.3%00 6.6 x 10710 177 183/185 180-183 [31]
6Sb— Shy + Shy 2 650 429.600 152.%00 1.3x 10° 214 210/215 207 [31]
GeQ — GeO+ 1/40, + 1/20 1.75 1313 6501300 167.9300 85x 1077 372 373/363 489 [33]
SiO, - SiI0O+ O 2 1754 1040300 155.83500 8.0x 108 520 512/519 547 [33]
SnG — SnO+ O 2 1239 831.%00 160.7%200 1.1x 10° 416 412/411 351 [33]
HgO — Hg + O 2 681 401.800 128.800 3.0x 108 201 186/192 162-241 [8]
ZnO — Zn + O 2 1400 724500 133.3400 25x 1077 363 364/367 180-428 [8]
CdSe— Cd + 1/4Se + 1/2Se 1.75 1000 39340  123.9000 54 x 10°% 225 225/237 234 [33]
ZnS — Zn + 1/4S + 1/2S 1.75 1000 4671800 131.9000 1.0x 1077 267 266/270 258 [33]
ZnSe— Zn + 1/4Se + 1/2Se 1.75 1000 43%600  121.5000 1.7x 107 251 251/266 294 [33]
AIN — Al + 1/4N, + 1/2N 1.75 1700 8751300 147.L700 21x 108 500 500/481 542 [11]
GaN — Ga+ 1/4N; + 1/2N 1.75 1200 6205300 135.3200 1.4 x 108 354 343/344 305 [11]
INN — In + 1/4N, + 1/2N 1.75 1100 602400 138.3100 54x 10°° 344 326/324 336 [11]
BesNy — 3Be + 1/2N; + N 45 1600 2010400 135.Le00 1.5x 1077 447 425/427 428 [11]
MgsN2 — 3Mg + 1/2N, + N 45 1200 13564hoo  130.1200 1.3x 10% 302 291/298 238 [11]
SisNg — 3Si+ N2 + 2N 6 1700 30654700  155.3700 24x 108 511 512/479 480 [11]
NaN; — Na+ N2 + N 3 603 550.600 133.800 34x 108 183 167/168 144-197 [32]
AgNOs(l) - Ag + NO2 + 1/20, 2.5 574 419.570 128.5%70 53x 10° 168 165/169 167-174 [10]
Cd(NGs)2(l) - CdO+2NO; + O 4 660 817.600 153.%60 40x 108 204 194/198 186 [10]

& First value corresponds taS5./v listed in this table, and second value, to the average magnitudaSgf/v: 136 or 160J molt K1 (see
Section 3.2.3).

to the true values of molar entropy listedTables 7 and 8 It is important that approximate version of the third-law
and the second, to the average magnitudes;sf; /v (136 method provide the same accuracy as the precise version
or 160 J mot1 K—1) according to the form of metal product does. This means, in particular, that the approximate version
(atom or molecule) as discussedSection 3.2.3. can be used for accurate determination of Ehgarameters

A comparison of the molar enthalpies of different plau- for materials with unknown product composition and/or un-
sible reactions with the values of tlieparameters permit-  known thermodynamic parameters.
ted to choose the composition and stoichiometry of primary
products that satisfy the conditiaxy H7./v = E or, in other
words, to interpret the mechanism of decomposition for 40
different reactants (Tables 7 and 8). For the first time overthe 600
century elapsed after a pioneer work by Leyd8], the de-
composition mechanisms of a large group of reactants from

different classes of chemical compounds are identified on a el
single basis. We consider this achievement as the main re-’-3
sult of application of the third-law method to decomposition &£ 00
kinetics. 2
Reliability of the above interpretation is supported by a =
good correlation between experimental values ofhea- g 300 4
rameter, on the one hand, and the values of molar enthalpy, §
ArH% /v, for the deduced reactions, on the other. The cor- g
responding data are presented-ig. 5 (for precise version £ 200 4
of the third-law method) and ifig. 6 (for its approximate u?

version). The mean value of relative standard deviation of
experimental results (th€ parameter) from theoretical val- 100 4 y =I0-985+:0.873

ues of molar enthalpy for all reactants is 5.6% for precise =099
and 5.1% for approximate version. A small difference in fa-
vor of approximate version most likely is accidental. Tak- 0 ! ' ! . )
0 100 200 300 400 500 600

ing into account errors of thE parameter determination, P
uncertainty in values of thermodynamic functions and the Molar enthalpy / kJ mol

approximation in a SCheme_ of calculation ofparameter, Fig. 5. Correlation between the molar enthalpies andEhgarameters
agreement is more than satisfactory. calculated by the precise version of the third-law method.



Table 8
Thermodynamic and kinetic parameters for thermal decompositions of reactants up to the solid and gaseous products
Deduced reactich v T (K) AvapHY —AcHY ®° ASS /v Peq (bar) ArHS /v E (kmol 1) Reference
(kImol1) (kImol1) (@mofrtk-1) (kI mol 1) -
Third-lawf Reported
BN — B(g9), + 1/2N\, 15 1800 808.2s00 560.2800 0.012 154.7500 2.4 x 1078 534 541/507 329 [11]
Pb(Ns)2 — Pb(g), + N + N2 + N3 4 500 620.300 193.800 0.143 141.900 2.2x 10°° 148 154/151 125-159  [32]
P04 —3PbO(g) + O 4 730 1146.200 280.400 0.137 153.700 1.6 x 10°8 258 222/226 188 [12]
Be(OH)» — BeO(g), + H20 2 400 796.900 743.400 0.711 169.000 3.0x 1078 134 125/122 115 [9]
Mg(OH), — MgO(g), + H20 2 535 710.400 632.%00 0.614 163.800 1.5 x 1078 161 168/166 126-134 [9]
Ca(OH)» — CaO(g), + H.0 2 570 778.300 674.%00 0.614 152.600 22x 1078 182 171/175 145-174 [9]
Sr(OHy — SrO(g), + H20 2 590 706.600 579.%00 0.558 151.300 7.8 x 107° 192 181/186 126 [9]
Ba(OH)» — BaO(g), + H.0 2 610 556.300 415.5%00 0.422 140.300 3.0x 1078 190 173/185 63 [9]
Zn(OH) — ZnO(g), + H20 2 400 508.400 455400 0.603 168.200 5.0 x 1078 117 123/120 95 [9]
Cd(OH) — CdO(g), + H20 2 385 400.800 340.%00 0.522 164.400 5.0 x 10°° 112 124/123 95-116  [9]
AgNO3 — Ag(9), + NO, + 1/20; 25 470 430.470 283.%00 0.370 142.870 2.0 x 10°° 130 146/142 [10]
Cd(NGs), — CdO(g), + 2NO, + O 4 560 841.800 335.5%00 0.369 161.800 20x 10°8 180 174/172 177 [10]
MgSQO; — MgO(g), + SO, + O 3 1006 1262 .00 631.3000 0.387 171.3000 3.3x 107° 340 336/324 312-343 [7]
BaSQ — BaO(g), + SO + O 3 1400 1237 200 399.5400 —0.043 152.7400 2.7x 10°8 418 4171427 384 [7]
MgCO; — MgO(g), + CO» 2 670 728.300 630.900 0.544 174.300 1.4 x 10°8 192 218/208 176 [5]
1/2CaMg(CQ)2 — 1/2Ca0(g) 2 810 815.800 650.%00 0.488 164.5oo 3.9x 1078 249 248/244 192 [3]
+ 1/2MgO(g), + CO,
CaCQ — CaO(g) + CO, 2 910 840.600 669.400 0.454 157.300 1.0 x 1077 269 265/268 205 [2]
SrCQ; — SrO(g), + CO 2 910 805.600 566.%00 0.383 161.300 1.0 x 10°8 294 286/285 279 [5]
BaCQ; — BaO(g), + CO, 2 1080 645.2100 406.Q.100 0.126 137.6200 45 x 1078 297 301/325 226 [5]
LioSOs-H20 — LioSOu(g), + H20 2 300 396.698 338.098 0.600 175.998 8.7 x 10710 97 104/100 51-87 [4,22]

a An arrow (|) implies taking into account partof condensation energy consumed by the reactant.
b In calculation of ArH% /v values, ther parameter was evaluated Bg. (32).

¢ First value corresponds ta S5 /v listed in this table, and second value, to the average magnitudeSofv: 136 or 160J moil K1 (seeSection 3.2.3).
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600 Table 9
Crystal structure and evaporation mechanism for some oxides and sulfates
[8]
500 4 Oxide Singon§  Space group  Minimum O-O  Primary
< distance (A) product
2 Li,0 I 225 2.31 0,
2 400 ~ Cw,O | 224 3.68; 4.25 Q
~ Ag20 | 224 4.09; 4.72 Q
s MgO | 225 2.98 0,
§ 300 4 CaO | 225 3.39 (023
= SrO | 225 3.63 (073
o CdoO | 225 3.34 (073
g e MnO | 225 3.14 (073
o FeO | 225 3.06 (023
= CoO I 225 3.01 (o))
" NiO [ 225 2.95 0,
100 4 y =0.952x +9.271 PbO I 129 1.98 (o))
r*=0.990 Ca® [ 139 4.62 o)
Sr&», 1] 139 3.55 (6]
0 i . . : . Ba®, 1] 139 5.12 (e}
GeQ 1] 136 2.86 (6]
0 100 200 300 400 500 600 SnG, I 136 319 o
Molar enthalpy / kJ mol” Ph;O4 [ 135 3.28 o)
SiO, 1] 182 2.91 (e}
Fig. 6. Correlation between the molar enthalpies and Ehgarameters PtO, lNla 164 2.74 0
calculated by the approximate version of the third-law method. Zno m 186 2.60 1)
HgO \Y 62 3.50 (e}
MgSOy [\ 63 2.47 (e}
4.6. Peculiarities in composition of primary gaseous BasSQ v 62 2.44 0
products of decomposition Cuo v 15 2.62 o
a |: cubic; II: tetragonal; Ill: hexagonal; llla: trigonal; IV: rhombic;

As can be seen from the analysis of data presented inV: monoclinic.
Tables 7 and 8, the composition of primary gaseous prod-
ucts (oxygen, sulfur, selenium and nitrogen) in most casesdistance in @ molecule (1.21 A). However, this is not re-
differs from equilibrium. Wholly or in part, the evolution tarding the release of Omolecules in the process of CdO
of these species proceeds in the form of free atoms. Thisevaporation. It means that some other factors are responsible
problem is of profound theoretical and practical interest. By for the difference in mechanisms.
now, several general peculiarities were revealed in this field. To investigate the situation in more detail, L'vov et[&]
The first of them is related to decomposition of Cd, Zn and collected all available data on the evaporation mechanisms
Hg oxides[8]. These three oxides for IIB group of metals of 23 different oxides (and two sulfates) and correlated them
evaporate with formation of only gaseous products and, atwith their crystal structure (Table 9). When all these com-
first sight, the interpretation of the mechanism of their va- pounds were arranged into two groups differed in the releas-
porization creates no problems. However, in fact, this is not ing mechanism of oxygen, some remarkable differences in
the case. In contrast to the reversible dissociation of solid their crystal structure have been appeared. As can be seen
CdO up to Cd atoms and molecular oxygen)@he decom- from these data, all oxides, which evaporate with the release
position of ZnO and HgO yields atomic oxygen (O). This of molecular oxygen, except for PbO, are of the cubic sin-
was proved more than 40 years ago by Hargg#) by col- gony (1). For all other compounds of different (from cubic)
oration in MoG; (from pale yellow to blue) in the process of  singony (ll, 1lI, llla, IV or V), the release of oxygen oc-
Zn0O, HgO, CuO and Ptedecomposition in vacuum. These curs in the form of free O atoms. As for PbO, the release of
mechanisms of evaporation were supported also by a goodmolecular oxygen can be connected with the anomalously
agreement of experimental values of a@parameters with  small O—O distance (1.98 A) in comparison with those for
theoretical values of the molar enthalpies for corresponding other oxides.
reactions and also, by results of investigation of the retarda- The author is not ready now to propose any quantitative
tion effect of oxygen on the evaporation rate of ZnO, CdO explanation of this phenomenon. The only obvious conclu-
and HgO|[8]. sion consists in correlation of these differences with the

The first attempt undertaken [B] to explain this differ- structure symmetry. It can be proposed that a decisive role
ence in mechanisms was to relate it to O—O distances in cor-here belongs to a local symmetry in the position of O atoms.
responding crystals. The minimum O-O distances for ZnO, For those oxides, where this symmetry is the highest and
CdO and HgO are as follows: 2.60, 3.34 and 3.50A. In all environment is close to isotropic, there is the molecular
cases, these values are much higher than the internucleamechanism of dissociation. Oxygen atoms, which are in
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Table 10

Decomposition mechanism of nitrides vs. their crystal strucfuié

Deduced reaction Singony? Space group Minimum N-N distance (A)
c-BN — B(g), + 1/2N, | 216 2.56
c-AIN — Al(g) + 1/2N, | 216 3.09
c-GaN — Ga(g) + 12N, | 216 3.09
BesN> — 3Be(g)+ N + 112N, I} 194 2.84
MgsN2 — 3Mg(g) + N + 1/2N, I 206 3.29
h-BN — B(9) + 1/2N + 1/4N; llla 164 251
h-AIN — Al(g) + 1/2N + 1/4N, I} 186 3.07
h-GaN — Ga(g) + 1/2N + 1/4N, I} 186 3.17

INN — In(g) + 1/2N + 1/4N, I} 186 351
a,B-SisNa — 3Si(g) + 2N + N2 I} 159; 176 2.82; 2.79

a |: cubic; Ill: hexagonal; llla: trigonal.

low-symmetrical positions, release their sites without recom- experiments. This discrepancy is usually attributed to the
bination. It is probable that there are some differences in multi-stage character of the evaporation process, specific
electronic structure of these atoms responsible for the mech-features of surface relief and impurities and lattice defects
anism of recombination. These conclusions deserve furtherof the reactanf35].
investigation and application to decomposition studies for  L'vov and Novichikhin[31] pioneered in explanation of
other compounds. this effect as due to the difference between the true scheme

The other interesting phenomenon revealed from consid- of thermal decomposition of a given compound and one
eration of the data presentedTable 7is the decomposition  which assumes direct decomposition to the final products in
of metal selenides and sulfides (CdSe, ZnSe and ZnS) andhermodynamic equilibrium (as is the case in the effusion
nitrides (AIN, GaN, InN, BgN2, MgsN2 and SgNg4) with cell). These differences consist, first, in primary gasification
evolution of primary atomic (Se, S and N) and molecular of all decomposition products, including low-volatility com-
(Se, S and N\b) species in the molar quantities related as ponents (metals and metal oxides) and, second, in the par-
2-1. However, there are some exceptions. As can be seerial or total evolution of gaseous species in a form different
from Table 10, in which decomposition reactions for all ni- from the equilibrium composition (Section 4.6).
trides are correlated with their crystal structure, nitrides with  To illustrate the impact of these factors on the decompo-
the cubic (1) singony (except of Mtl>) decompose, as in  sition coefficient, we present ifiables 11 and 12he cor-
the case of oxides, with the release of only molecular nitro- responding data for some hydroxides and azides. In case
gen. These peculiarities undoubtedly deserve further study.of hydroxides Table 11), only the first factor is responsi-

ble for low values of decomposition coefficient. In case of
4.7. Interpretation of coefficient of decomposition NaNz and KNs (Table 12), the second factor determines
the o values. Finally, in case of Pbg} both factors are

By the coefficient of decomposition (or vaporization in important. As a result of this ‘double distinction’ in the
the case of the sublimation of simple substancespne overall composition of primary products, the decomposi-
usually refers the ratio of the real gaseous-product flux, tion coefficient is much lower than in other cases. Some
to the flux,Jmax, from the effusion cell wherein the decom- of these compounds with very low decomposition coeffi-
position products are expected to attain their ideal equilib- cients (azides and oxalates) are explosives. Nevertheless, be-
rium partial pressures. Judging from numerous experimentalcause they decompose into primary products very different
measurementsy <« 1 for many substances, i.e., they de- from equilibrium products, they are rather stable at room
compose more slowly than expected based on effusion-celltemperature.

Table 11

Coefficients of decomposition for some hydroxides at the initial decomposition tempefatures

Hydroxide T (K) Primary products Peq [9] (bar) Equilibrium products Pig (bar) o
Ba(OH) 600 BaO(g), + H20 3.0x 1078 BaO(s)+ H,0 4.1 x 1078 7 x 1073
Sr(OHY, 592 Sro(g), + H20 8.0x 107°° Sro(s)+ H20 9.9 x 10°° 8 x 10°°
Ca(OH) 600 CaO(g), + H20 57 x 1078 CaO(s)+ H20 7.6 x 1073 8 x 1076
Mg(OH), 510 MgO(g), + H20 5.8 x 10°° MgO(s) + H,0 47 x 1071 1x 108
Be(OH) 396 BeO(g), + H20 29x%x 1078 BeO(s)+ H20 9.7 3x 10°°
Zn(OH), 390 Zno(g), + H20 3.0x 1078 Zno(s) + H,0 10.3 3x 10°°
Cd(OH)y 385 Cdo(g), + H20 5.0x 107° CdO(s)+ H20 3.3 x 101 2 x 1072

& Peq and Py are, respectively, the real equivalent and ideal equilibrium pressures of gaseous products measured in the former case and calculated i
the latter.
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Table 12

Coefficients of decomposition for some azides at the initial decomposition tempefatures

Azide T (K) Primary products Peq [32] (bar) Equilibrium products Pig (bar) a

NaNs 603 Na(g)+ N2 + N 3.4 x 1078 Na(g) + 1.5\, 1.6 x 10 2 x 1071
KN3 524 K(g) + N2 +N 7.3 x 107° K(g) + 1.5N; 0.94 8 x 1079
Pb(Ns)2 500 Pb(g) + N + Nz + N3 2.2x 1079 Pb(s)+ 3N; 8.2 x 1074 3x 1073

8 Peq and P4 are, respectively, the real equivalent and ideal equilibrium pressures of gaseous products measured in the former case and calculated in
the latter.

The low magnitudes of decomposition coefficient of the effect of self-cooling on the decomposition param-
(<1071° and even<1073% are in contrary with the eters of Mg(OH) and LbSOs-H,O (seeSection 3.2.2).
widespread statement (opinion) thavalue varies for dif- It was shown that the temperature difference between the
ferent reactants in the range from 1 to—$0[35]. This temperature controlled heater and the sample (even for a
delusion is connected with limitations of the effusion single crystal) can reach in high vacuum under other typ-
(Knudsen cell) method, which used for evaluation of the ical conditions several ten degrees and introduce serious
maximum decomposition rate or true equilibrium pressure errors in the determination of kinetic parameters. Despite
of products. Indeed, the ratio of equilibrium pressure inside this justified warning, the situation has not been improved.
a cell to pressure of effusing gas is described by equation Unfortunately, any simple and reliable techniques for ex-

[36]: perimental determination of self-cooling in TA are absent.
Po SWe (The use of a thermocouple junction inserted between two

B =1+ o (35) cemented together large crystals applied by Cooper and
m o

Garner[37] and Anous et al[38] for measuring the real
wheres and S are the orifice area and evaporating surface temperature of the chrome alum crystals is the sole excep-
area, respectively (the cross-section of the cell) Akdthe tion). This hindered the verification of the above theoret-
Clausing factor. To measuf®, value with the error lower ical conclusion. The situation has been changed only re-

than 10% it is necessary to satisfy the conditieyy P,, < cently after appearance in TA of the third-law methodology
1.1 or [1].

SWe The magnitude of the self-cooling can be easily estimated
o> 1OT (36) from Egs. (15) and (16f we assume that the only reason of

overestimation for the experimentkyp value, calculated
Taking into account that\c is in the range 0.2-0.8 and by the third-law method, is the effect of self-cooling. If we
s/S > 107° [36], we can conclude that should be higher  further assume that thE value at the lowest measurement
than 10°° to satisfy the condition of more or less correct temperature is free from this effect (i.e., the temperature of
measurement of true equilibrium pressure. Otherwise, thethe sampleTs, is equal to the temperature of the heater,

pressure inside a cell does not reach the equilibrium. Th) and corresponds to the true value of fg@arameter,
Ewue, then it is possible to find the actual temperature of the
4.8. Evaluation of the self-cooling effect sample,Ts, for any higher temperature of decomposition.

This temperature is equal:

The significance of the self-cooling effect in the process of
endothermic decomposition reactions has been discussed iffs = Th
many works on thermal analysis. However, only a few stud-
ies[37,38]performed in the period of 1930-1950 are known, if we neglect a small systematic decrease of hotlf5. and
which take into account this effect in measurements of the A;H% values with temperature.
dehydration rates and the corresponding Arrhenius parame- This simple technique was successfully used2r5].
ters (EandA). Most other workers assume (in many cases, Table 13presents some of the data received in these works
tacitly) that the value of self-cooling is negligible and might for several carbonates and hydrates. As can be seen, in full
have been ignored in such measurements. (Much more inter-accord with the above theoretical (model) evaluations, the
est has been expressed in the problem of self-heating duringemperature difference between the temperature controlled
pyrolysis, carbon gasification and decomposition of ener- heater and the sample in high vacuum constitutes several
getic materials. As an example, the isoconversional methodten degrees and can reach (in extreme cases) about 10%
has been developed recently for kinetic studies of materialsof the heater temperature. This systematic error manifests
when a reaction system undergoes arbitrary variation of thein significant (15-30%) underestimation of tleparam-
temperaturg39].) eters in many cases of application of the second-law and

In 1998, L'vov et al. published a series of papers Arrhenius-plots methods. It is remarkable that this effect is
[15,16,22]devoted to the quantitative modeling of temper- most conspicuous for reactants decomposed with formation
ature distribution in heterogeneous systems and evaluationof solid products (se@able 8). As can be seen from the

Etrue

37
Eorp @37)
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Table 13
Effect of self-cooling in the process of decomposition of some solids in
vacuum evaluated by the third-law methf2i-5]

5. Conclusions

The most important results obtained since the first ap-

Reactant Tmax (K) ~ Sample  Peq (bar) AT at Tmax (K) plication (in 2002) of the third-law methodology to kinetic

caca 1013 Crystal 5% 107  —90 studies of decomposition reactions can be formulated as fol-
948 Crystal 1x 1077 —66 lows:

CaMg(CQ)2 900 Crystal 4x 1077 —49 L .

BaCQ 1232 Powder 6 107  —54 1. The method has been significantly |_mproved and ex-

LiSOs-H,0 433 Crystal  1x 107°  —43 tended to powdered and melted materials. The use of the
400 Crystal ~ 7x 10’2 —27 average values of molar entropy greatly simplified its ap-
363 Crystal ~ 7x 107*  -18 plication to materials with unknown product composition

CasQ-2r0 - 357 Crystal 4 1077 11 and/or unknown thermodynamic parameters. The order

CusQ-5H,0 303 Crystal 8x 108  —6 y p '

results of decomposition of reactants up to the gaseous prod-

ucts (Table 7), only for 3 of the 20 reactants (SnGaN and
MgsNy), the results of determination of tleparameters by
the second-law and Arrhenius-plots methods are lower than
those measured by the third-law method.

This difference is easy to explajg@]. In case of forma-
tion of solid product on the surface of reactant, heating of
reactant in high vacuum by radiation from the heater (for
example, from the wall of alumina crucible) occurs through
the intermediate layer of this product (e.g., CaO in case of
decomposition of CaCg). It means that the effective value
of the emittance factor corresponding to the heat radiation
transfer from the alumina crucible to the calcite crystal cov-
ered by a layer of CaO product is actually a product of the
emittance factors for all four surfaces: 83, CaO (exter-
nal), CaO (internal) and CaGO(We neglect here the resid-
ual heat conduction via point contacts between a CafeoO
actant and nano-crystals of CaO product.) If we take into ac-
count that at 900 K the emittance facterfor each of these
surfaces is about 0.R4], than the product of these four
factors,s*, is equal to about 0.01. This value is very close
to the magnitude (= 0.015) successfully used by L'vov
[40] for theoretical modeling of the Topley—Smith effect in
case of the decomposition of calcite in the presence of CO
and is very far from that (e= 0.3-05) assumed by Powell
and Searcy41] in their modeling of “the heat balance dur-
ing steady state decomposition of Cag_€ngle crystals in
vacuum”. This is a key reason of disagreement between our
[1-5,40]and Searcy and coworke#1,42] opinions on the
problem of self-cooling under high-vacuum conditions.

We should repeat again a conclusion mad§lid0]: the
belief expressed by Powell and Seafd¥] (contrary to the

of magnitude higher precision and low susceptibility of
the third-law method to the self-cooling compared with
the Arrhenius-plots method, guarantees measurement of
the E parameter with the error less than 2%. A signifi-
cant reduction of experimental time and a possibility of
simple evaluation of self-cooling are the additional ad-
vantages of this method.

. The application of the third-law method to decomposi-

tion studies permitted to support the basic assumptions
underlying PA-theory. A good fit of experiment to the-
ory for the ratio of the initial decomposition temperature
to theE parameter, the peculiarities of carbonate decom-
position in CQ and regularities of solid and melted ni-
trate decomposition are in complete agreement with the
mechanism of dissociative evaporation and consumption
of a partr of the condensation energy by the reactant.
No other quantitative explanations for these regularities
could be proposed. It has become possible to evaluate
the T parameter a priori on the basis of thermodynamic
features of the low-volatility product. As a consequence,
the physical approach gains the features of completed
self-consistent theory. From comparison of Ehparam-
eters with the molar enthalpies of the implied reactions,
the decomposition mechanisms of a large group of reac-
tants from different classes of chemical compounds are
identified on a single basis. Some peculiarities in evolu-
tion of gaseous products in atomic and molecular forms
are interpreted in accordance with the crystal symmetry
of reactants. Last but not least, earlier theoretical estima-
tions of the self-cooling effect, which can reach in high
vacuum several ten degrees, are supported experimen-
tally.

It is difficult to imagine how much effort, time and money

have been spent in vain in the investigations of kinetics of

contention of others, the rate of decomposition of CgCO solid decompositions because of neglecting the third-law
can be measured under conditions, which make the slowesimethod. Why not try it now!
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