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Rate data on the decomposition of isopropyl methylphosphonofluoridate (sarin) adsorbed 
on r-alumina as well as on magnesia and carbon black impregnated with chromium trioxide, 
are obtained from microcalorimetric measurements. Normal nth order rate equations fail in 
properly describing t.he experimental results. Resemblance of the kinetics to Zeldovich kinetics 
leads to a rate model that is primarily characterized by a variation in activation free energy 
for the decomposition reaction. The model is consistent with the experimental rate data. 

INTRODUCTION 

Qualitative aspects of the adsorption and 
decomposition of isopropyl methylphos- 
phonofluoridate (IMPF or sarin) on y- 
A1203 have been studied by ir spectroscopy 
and are described in Part I (1). Adsorption 
of sarin appeared to take place irreversibly 
through bonding of t’he phosphoryl oxygen 
to a Lewis acid site. Decomposition of the 
adsorbed sarin proceeds almost exclusively 
by exchange of the fluorine against’ a sur- 
face hydroxyl group. The products of the 
reaction, viz. hydroxysarin and hydrogen 
fluoride, are also strongly adsorbed species. 
As the rcact’ion proceeds entirely in the 
adsorbed phase, kinetic measurements arc 
difficult. In a method applied by &riper 
(2) the amount of unreacted sarin is ex- 
tracted and measured as a function of time; 
the method yields valuable information but 
its inherent experimental error is too large 
to allow a reliable establishment of the 
kinetic behavior of the reaction. Data from 

r This work is part of the doct,orate thesis by 
J. J. G. M. V. B., Eindhoven, 1974. 

2 Present address: Philips Research Laboratories, 
Eindhoven, The Netherlands. 

these extraction experiments arc used to 
estimate the reaction enthalpy. It was 
thought feasible to develop a calorimetric 
technique to supply rate data of sufficient 
accuracy. The application of a calorimetric 
technique offers two advantages : 

a. The reaction rate is measured in situ. 
b. The method is usable irrespective of 

the particular reaction system. 

The basis of the applicability of a calorim- 
eter for kinetic purposes is found in the 
relation : 

& = - &H,), 

where & is the measured heat development, 
- (clc/dt) is the reaction rate and AH, the 
reaction enthalpy. AH, must be calibrated 
by comparison with results obt’ained with 
other techniques. 

A distinct drawback of calorimetric 
techniques is the purely quantitative char- 
acter of the measurement. For this reason 
the technique must be sustained by qualita- 
tive methods that verify the nature of the 
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procws to be studied. Another disadvant~age 
often met in calorimetric techniques applied 
for kinetic purposes, originates from the 
thermal inertia of the measuring cell. As 
response velocities arc relatively small, lint 
shapes of thermograms have a tcndcncy to 
he distorted. 

The calorimetric method that was dc- 
vcloped for the system sarin-adsorbent has 
been described in detail elsewhere (sa, b). 
E‘or t > 100 min, & is directly measured 
wit,h a conduction type of microcalorimctcr. 
I’or lower times the thermograms need a 
correction for line shape broadening; this 
broadening is particularly serious due to the 
large adsorption heat effect. A calculation 
procedure based on Fourier analysis largely 
accomplishes this correction. For the sys- 
tem sarin-alumina the separation of the 
initial adsorption (chemisorption) effect on 
the one hand and the subsequent reaction 
on the other allows one t’o follow the rcac- 
t’ion rat’c for t’imes after t = 20 min. For 
the system sarin-magnesia pure reaction 
rates may bc followed for t > 60 min. In 
the present paper the rate curves are prc- 
sentcd without full description of t’he 
calorimetric background. Because the cor- 
rection for line shape broadening could not 
be applied to all thermograms, the period 
with neat informat’ion on reaction rates is 
not equal for all expcriment,s. 

METHOI>S 

Alaterials 

The alumina, made available by Ketjen 
(AKZO Chemie Nederland, Amsterdam, 
The Netherlands) had a y-type crystal 
structure. The specific surface arca was 
280 m2/g. The material consisted of pellets 
which were grained to a powder; the sieve 
fraction between 0.25 and 0.50 mm was 
used. 

Magnesia was prepared from inactive 
MgO according to a method described by 
Baird and Lunsford (4). The calcination 
tcmpcrature was limited to 4OO”C, provid- 
ing a specific surface area of 180 m*/g. 

Carbon black was obtained from Cabot1 
(Rerrc-l’Etang, France) ; it is known com- 
mercially as Regal 400. Impregnation with 
chromium oxide was performed by con- 
tacting the ma&ial with a chromium (VI) 
oxide solution in water. After filtration it 
was dried in vacuum at room temperature. 
The surface area of the carbon black 
amounted to 115 m*/g and was hardly 
affected by the chromium oxide impreg- 
nation. 

Both magnesia and carbon black samples 
were used as a finely divided powder. 

The organophosphorus compounds were 
synthesized in our Laboratory according 
to procedures described in Ref. (5). The 
purity of the samples leas 99% at least. 

Apparatus 

A schematic view of t’he apparatus is 
shown in Fig. 1. The calorimeter contains 
two identical measuring cells, each consist- 
ing of a reaction vessel (A) and a thcrmopilc 
(B). The two thcrmopiles are built into an 
aluminum block (C) that operates as a 
heat sink; they are electrically connected 
oppositely in order to mitigate the influence 
of temperature fluctuations penetrating 
from the environment. The resulting 
thermo-emf, which is a proportional mea- 
sure for t’he heat flow, is registcrcd by the 
recorder (G). The external temperature 
fluctuat’ions are attenuated by the insula- 
tion space (E) in bct’wecn the inner and 
outer wall (I?) ; this space is evacuat’ed 
during an experiment. A long-term stability 
of 0.05 PV (corresponding to about 1 pW) 
is attainable by controlling the waterbath 
thermostat, which surrounds the calorim- 
eter, wit’hin f0.003”C. 

The dosing system, made of glass, can be 
evacuated to a pressure of 1O-5 Torr by 
means of a combined mercury diffusion-oil 
rotary pumping system (S), which is con- 
nected to the dosing system via a liquid 
nitrogen trap (T). The pressure in the 
vacuum system can be read from Pirani 
and Penning gauges (I’, Q). Adsorbate 
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FIG. 1. The vapor dosing system and a schematic picture of the calorimeter. See text 
for explanation. 

vapors are generated from the liquid phase 
in dosing vessels (H) or (L), which may be 
disconnected from the system. The pressure 
of the vapor is indicated by the Pirani 
gauge (R). 

Procedure 

In most cases the adsorbent samples 
(“1 g) were given a vacuum heat pre- 
treatment; to this end the reaction vessels 
were connected to a separate vacuum sys- 
tem and were heated at temperatures up 
to 120°C. Then the reaction vessels were 
installed and the calorimeter was positioned 
in the thermostat for equilibration ; this 
took between 10 and 18 hr, depending on 
the desired reaction temperature. Simul- 
taneously the reaction vessels and insula- 
tion space were evacuated to pressures of 
lo-* to 1O-5 Torr. The valves (V) were 
closed to stop water vapor desorption from 
the adsorbents. After the heat flow signal 
had fallen to zero, a decomposition experi- 
ment was started. 

By opening one of the valves (V) during 
l-3 min sarin was dosed to one sample 
from the weighed and evacuated vessel (H) 
(saturated vapor pressure of sarin at room 
temperature is 2.4 Torr). The vessel (H) 
was cooled to - 10°C in order to condense 

gaseous sarin from the dead space. From 
the new weight of vessel H the amount of 
adsorbed sarin was derived; these amounts 
were limited to between 35 and 250 mg. 

The heat development resulting from 
adsorption and subsequent reaction was 
registered on punched tape in order to 
facilitate correction calculations. 

After the heat flow had decreased suffi- 
ciently, the same procedure was followed 
for the other adsorbent sample. 

RESULTS 

Sarin adsorbed on alumina decomposes 
through two reactions, viz, hydrolysis or 
defluoridation and dealkylation. A change 
in enthalpy is coupled to each of these 
reactions as well as to the preceding adsorp- 
tion. The actual heat of adsorption is con- 
siderable and appears in the thermogram 
as a very large signal. Although the rate of 
dealkylation is very small compared to 
defluoridation (2), the accompanying en- 
thalpy change may not be ignored a priori. 
However, comparison of reaction heat 
developments by adsorbed sarin and some 
of its analogues with rates of dealkylation 
of the same systems, reveals that dealkyla- 
tion does not contribute significantly to 
the measured heat flow signals @a). So the 
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reaction heat dewlopmcnt may be intrr- 
pretcd as a measure of the defluoridation 
reaction only. 

Rate equations of normal nth order re- 
actions with or without poisoning or 
promoting effects of react’ion products 
appeared not to apply to the experimental 
rate curves of defluoridation (9, 3a). Hom- 
ever, it was recognized that the type of 
kinetics often encountered in adsorption 
processes and known as Zeldovich kinetics, 
const’itutes a basis for a satisfactory de- 
scription of the experimental rate curves. 

Zeldovich-Roginskii kinetics, which are 
oft,cn but less correctly designated as 
Elovich kinetics, generally apply to chemi- 
sorption processes (6, 7). RlcLintock (8) 
mentions eight other processes (among 
which are graphitization of carbon and 
decomposition of surface formate on nickel) 
which obey the rate equation characteristic 
for Zcldovich kinetics : 

dq - = ae-aq, 
dt 

(1) 

where q is the amount adsorbed (or decom- 
posed) at time t, while a and a! are constants 
which arc adjusted for each experiment. 
In its integrated form Eq. (1) may be 
written as : 

1 
q = -In (t + to) - In 20, (2) 

o! 

where the constant to = l/as. The rate law 
is essentially an approximative mathe- 
matical description of a relationship be- 
tween physical quantities without any 
claim on mechanistic background. 

Whether rate data show adherence to 
Zcldovich kinetics is usually tested by 
means of Eq. (2). A plot of q vs In t should 
yield a straight lint for t >> to, provided 
that the parameters a and a arc correctly 
chosen. An alternative test is based on the 
equation derived from Eq. (2) by differen- 
tiation : 

dq 1 

ii= a (t + to)’ 
(3) 

0 30 60 90 120 150 180 210 

t (mln) 

FIG. 2. Thermogram resulting from sarin adsorp- 
tion on alumina; W, = 25.2 mg; !I’, = 06°C. The 
heat production is expressed in the measured 
thermo-emf. 1 mV corresponds to 16.6 mW. 

For values of t >> to a proportional relation 
between rate and reciprocal time should be 
observed. In the present case it is more 
rational to examine the latter relation, 
because rate is a directly measured 
quantity. In graphical representations the 
product of rate and t’ime will be shown 
hereafter; for t >> to this product should 
tend to a constant value. 

For reasons of brevity and clarity only 
those experimental results are cited here 
that are relevant t’o the model that is 
postulated to undcrly the particular 
kinetics. A comprehensive description is 
given elsewhere (3a). 

Figure 2 shows the heat’ development 
(not corrected for thermal inertia) resulting 
from a sarin adsorption on alumina. The 
heat produced by the adsorption itself t’akcs 
about 100 min t’o flow to the heat sink. 
From this time on the registered heat 
originates from the dcfluoridat’ion reaction 
only ; moreover, it was shown that the 
distortion in the line shape is negligible 
for t > 100 min (3a). 

Figure 3 shows part of t’hc same thcrmo- 
gram in a & X t vs t plot. The horizontal 
part for large t values proves that the 
inverse proportionality between rate and 
time [expressed in Eq. (3) and valid for 
t >> to] dots apply. The relation is charac- 
terized by the value A’, which is exprcsscd 
in joules. 
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FIG. 3. The same experiment as in Fig. 2; product 
of rate (+&)) and time as a function of time. The 
horizontal part in the graph represents the inverse 
proportionality between rate and time. 

The quantities A’ of a number of sarin 
decompositions at 28°C on alumina pre- 
treated at 28”C, are collected in Fig. 4 as a 
function of the amount adsorbed. The 
reaction rate is seen to be proportional to 
the amount adsorbed. 

The proportional relation between & and 
l/t cannot extend to t = 0, because the 
reaction rate would become infinitely high. 
The Zeldovich equations preclude this 
infeasibility through the introduction of 
the quantity to. The horizontal line repre- 
senting the product of rate and time in 
Fig. 3 must necessarily have a deviation 
downward at some point obscured by line 
shape distortion. Because important in- 
formation was expected to be gained from 
the position of this point of deviation, 
further experiments were performed after 
two improvements had been introduced in 
the technique: the response velocity was 
raised and, in most cases, the distorted 
thermograms were corrected for thermal 
inertia. 

The corrected results of decomposition 
experiments on alumina samples pretreated 
at 120°C are shown in Fig. 5 for five 
different reaction temperatures T,. Except 
for T, = 40°C the point of deviation from 
the inverse proportionality between r and t 
is evident: similar experiments have been 
performed on alumina previously exposed 
to a hydrogen fluoride atmosphere (Fig. S), 
on magnesia samples pretreated at reaction 

temperatures of 10°C (Fig. 7a) and 30°C 
(Fig. 7b), and on carbon black impregnated 
with chromium (VI) oxide at a reaction 
temperature of 25°C (see Fig. 8). W; 

The thermogram of the latter experiment 
has not been corrected for thermal inertia. 
All cited experiments reveal an inverse 
proportionality between rate and time in 
a definite period; except for the uncorrected 
thermogram measured for carbon black, 
the starting point of this period is visible. 

Because of the kinetic features mentioned 
above, a model frequently used to explain 
Zeldovich kinetics was adopted as a starting 
point for clarifying the rate data. 

DISCUSSION 

Kinetic Model 

Aharoni and Tompkins (7) mention a 
number of different physical models for 
adsorption processes all leading to ad- 
herence to Zeldovich kinetics. The basic 
features of the models are either a surface 
inhomogeneity (intrinsic or induced) or a 
variation in adsorption site number or both. 

For the system sarin-adsorbent a varia- 
tion in activation energy seems to be the 
more plausible point of departure to explain 
the experimental reaction rates. In order 
to leave open the a priori possibility that 
also the entropy of activation shows a 
variation, a distribution in the activation 
free energy of the reaction is postulated. 
The complete model that will be seen to be 
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FIG. 4. The quantity A’ (see Fig. 3) as a function 
of amount sarin adsorbed on alumina; T, = 28°C. 
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FIG. 5. Product of rate (+-&) and time for sarin 
decomposition on alumina samples pretreated at 
120°C. (a) T, = OT, W, = 39.0mg; (b) T, = lO”C, 
WC = 77.5 mg; (c) T, = 2O”C, IV, = 56.5 mg; 
(d) T, = 3O”C, IV, = 67.0 mg; (e) T, = 4O”C, 
W, = 44.0 mg. 

t IminI 
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FIG. 6. Product of rate and time vs time for sarin 
decomposition on an alumina sample pretreated in 
a hydrogen fluoride atmosphere. T, = 20°C; 
W. = 52 mg. 

consistent with the experimental results, is 
characterized by the following features : 

1. The molecules decompose by a de- 
fluoridation reaction ; the activation free 
energy involved in this reaction is not equal 
for all reacting molecules; on an average it 
increases in the course of the reaction. 

2. Sarin molecules are immobile after 
adsorption. 

3.. For each fraction of molecules with 
the same activation free energy for decom- 
position the reaction is first order in sarin 
and zero in any other species. 

4. The reaction enthalpy may be con- 
sidered to be equal for all molecules. 

Sub 1. Heterogeneity of the surface. 
Heterogeneity of surface sites on alumina 
is expressed in such features as differential 
heats of adsorption, variation in surface 
acidity and broad frequency intervals for 
surface OH-stretchings. With respect to 
sarin decomposition a scatter in strength 
of basic hydroxyls seems to be of particular 
interest, although a change in activation 
energy caused by the reaction products 
cannot be precluded a priori (induced 
heterogeneity). 

In order to test the model a definite 
distribution function for the activation free 
energy has to be chosen, whether this 
distribution exists at the beginning of the 
reaction or develops gradually in the course 
of the reaction. For the sake of mathe- 
matical convenience a block-shaped distri- 
bution function will be assumed first: all 
activation free energies between the limits 

bxt IJ) 

50 

dxr 151 

LO 

30 

20 

10 

I I ” I 

a 

I 1 

100 200 ‘% 
t lminl 

Cl 

0 I 
0 100 

t lminl 

FIG. 7. (a) Product of rate and time vs time for 
sarin decomposition on magnesia pretreated at 
reaction temperature; T, = 10°C W, = 93.0 mg; 
(p) not corrected for thermal inertia; (q) corrected 
for thermal inertia. (b) Product of rate and time vs 
time for sarin decomposition on magnesia pre- 
treated at reaction temperature; T, = 3O”C, 
W, = 88.0 mg. 
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G1 and Cz arc suppowd to occur wit.h equal 
frcqucncy. This choice is rcfcrrcd to as the 
“simple model” by Peers (9). The choice 
of this function is arbitrary; in Part III (10) 
it will be seen that this function shape may 
be derived directly from experimental 
results for a substantial part. 

Sub 2. Conclusive evidence for the im- 
mobility of sarin adsorbed on oxidic ad- 
sorbents was obtained from a series of 
separate adsorption experiments with radio- 
actively labeled sarin. These experiment’s 
arc described in Ref. (3a). 

Xub 3. Order of the reaction. First order 
kinetics in sarin for each fraction of mole- 
cules on a “patch” with one definite 
activation free energy, is a consequence of 
the mechanism argued in Part I (1). 

It would be more precise to stat’e that 
the rcact,ion is first order in “reaction 
centers” : a reaction center is thought to 
consist of an adsorbed sarin molecule plus 
neighboring hydroxyl groups. The center 
reacts when the activation free energy, 
specific to this cent’er, is overcome. On 
account of the feature mentioned in sub 2, 
how-ever, the numbers of reaction centers 
and sarin molecules are identical. 

Sub 4. Because a distribution in reaction 
cnthalpy cannot be regarded as less likely 
than a distribution in activation energy, 
an explicit statement on the nonvariation 
of the reaction enthalpy has to be made. 

300 

FIG. 8. Product of rate and time vs time for sarin 
decomposition on carbon black impregnated with 
chromium oxide (6.2 wt% chromium). Pretreatment 
and reaction temperature: 25”C, W, = 72 mg. 

TABLE 1 

Comparition of Extraction Experiment’s by Kuiper 
(2) and Calorimetric Experiments in Order to Find 
the Overall Reaction Enthalpy (AH,) 

Period 
(min) 

60-1370 
60-2970 
60-3095 

Extraction Calorimet,ric 
expt. ; expts ; 

fraction heat 
decomposed developed 

(%I) (J/mmole) 

14 43.8 
17 54.6 
20 55.2 

-AH, 
(kcal/ 
mole) 

7.i 
77 
66 

If distributions both for activation enthalpy 
and for reaction enthalpy do exist, the 
mutual coupling between them determines 
whether the thermokinetic curves are dis- 
torted and, if so, how they are distorted. 
It is clear that there is no distortion in two 
cases: (i) if activation and reaction en- 
thalpies are coupled randomly ; (ii) if the 
reaction enthalpy is constant,. 

For a series of analogous reactants in 
one type of reaction something is known on 
the relat,ion bet’wcen reaction enthalpy and 
activation energy. Glasstone et al. (11) 
concluded on the basis of “potential energy 
profiles” that there is an antibatic rcIation 
between the activat’ion energy and the 
reaction cnthalpy. This relation has been 
observed for reactions of halogen hydro- 
carbons with sodium vapor. It is valid also 
for substitution reactions in orgnnophos- 
phorus compounds (12) ; for a series of 
halogenide substituents the reaction en- 
thalpy decreases wit,h increasing activation 
cncrgy, provided that solvation effects arc 
corrected for. So, for a series of analogous 
reactants the activation and reaction 
enthalpies seem to be rclatcd. 

In t,hc present system idcnt,ical instead of 
analogous molecules and groups are in- 
volved. In this respect a comparison with 
adsorption processes is more appropriate. 
Howwr, no generally valid relation be- 
tween activation and reaction enthalpics 
for adsorption has been established, al- 
though scvcral differclnt relations have 
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been argued (9). Experimental evidence 
seems to be entirely lacking. 

For this reason no particular relation 
between the distributions may be assumed; 
the statement that the reaction enthalpy 
is constant is probably not too unacceptable 
in view of the approximate calibration 
results shown in Table 1. 

In view of the relative error of 10% in 
the calculated reaction enthalpies, it may 
be concluded that a considerable variation 
in reaction enthalpy is unlikely. 

Derivation oj the Rate Equation 

The model given above permits a 
straightforward derivation of the kinetic 
equation; it parallels the procedure followed 
by Peers (9) for chemisorptions. 

Let an amount of sarin (co) be adsorbed 
at time t = 0, resulting in a system of 
reaction centers that possesses a block- 
shaped distribution function in activation 
free energies [p(G)] between the extreme 
values G1 and Gz. The values are related 
to reaction rate constants kl and kz, 
respectively, through : 

kl = (kbT/h) exp (- GJRT) 
and 

kz = (kbT/h) exp(-GG2/RT). 

The distribution function is normalized by 
t,he condition 

i 

co 
,o(G)dG = 1. 

0 

Therefore p(G) = l/(GZ - G1) for 
G1 < G < G2 and p(G) = 0 outside this 
interval. 

The initial amount of sarin in a narrow 
interval AG around G is given by 

COAG 
Acao = -F. 

Ciz - G1 
(4) 

These molecules, having to surmount an 
activation free energy G, decompose accord- 
ing to the kinetic equation 

~(AcG) 
- ___ = kcAcG 

dt 

or 
AC0 = AcG”le-“Gt (<5> 

The total velocit’y of sarin decomposition is 
found by summation between G1 and Gz : 

d(Aca) 
r=C--.--= C kccC”emkGt. (6) 

G dt G 

Insertion of Eqs. (4) and (5) into (6) leads 
to: 

r=-- G 
2 

” G c kGeCkGtAG. 
1 G 

Because the activation free energy is 
assumed to vary continuously between G1 
and Gz the summation may be transformed 
into an integration : 

cO Gz 

r=-------- 

Gz - GI s 

kceekGtdG. 
~1 

After replacement of the integration vari- 
able G by k using the relation 
dG = (- RT/k)dk it follows that : 

-RTcO kl 
r= 

s 
eektdk 

Gz - G, 
(7) 

kp 

RTcO 1 
we-.--(,-kzt - e-kit). 

= Gz - G1 t 
(8) 

The feasibility of Eq. (8) is checked as 
follows: (i) Expansion of the exponentials 

FIG. 9. Variation of the quantity A with reaction 
temperature for alumina samples pretreated at 
temperatures between 7.5 and 120°C. 
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FIG. 10. Fit,ting functions of the form A (1 - exp(--k,t)) f or sarin decompositions on alumina 
samples pretreated at 12O’C. (0 ) Experimental data corrected for thermal inertia ; (- - -) experi- 
mental data not corrected for thermal inertia; (---) fitting curve. Conditions: (a) T, = O’C, 
W, = 39.0 mg; (b) ?‘, = IO%, W, = 77. 5 mg; (c) T, = 20°C, W, = 56.5 mg; (d) T, = 30°C! 
W, = 67.0 mg. 
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FIG. 11. Fitting functions of the form A (1 - exp( - kit)) for sarin decompositions in magnesia 
samples pretreated at reaction temperature. ( 0 ) Experimental data ; (--) fitting curve ; (- - -) 
best fitting curve, if the reaction is assumed to be second order (maintaining the distribution in 
G). (a) T, = IO%, W, = 93.0 mg; (b) Z’, = 30°C, W, = 88.0 mg. 

into series easily shows that 

lim r = RTc”/(Gz - GJ; 
t-r0 

this is exactly the result of integration of 
Eq. (7) for the particular case t = 0. (ii) 
Integration of r between t = 0 and 00 may 
be verified to yield co, as is to be expected. 

Two factors will be discerned to examine 
whether Eq. (8) describes the experimental 
results : 

a. The time independent factor 
A = RTcO(-AH,)/(G~ - G,), which has 
to be identified with the earlier defined 
quantity A’ for co = 1 mmole; A is ex- 
pressed in J/mmole. 

b. Thefactor {exp(-M)-exp(--lclt)}/t 
which accounts for the time dependence of 
the reaction rate. 

Sub a. The factor A is shown as a function 
of temperature in Fig. 9. All experiments 

on ALO samples pretreated at tempera- 
tures between 75 and 12O”C, have been 
included in this graph, as no significant 
influence from pretreatment temperature 
was observed. The best fitting straight line 
through the origin according to the least 
squares method is presented in Fig. 9. The 
slope of this line is characterized by a 
standard deviation of 2.5%, indicating that 
the experimental temperature dependence 
of the factor A satisfactorily corresponds 
to that predicted by the model. 

In the comparison of the quantities A it 
is implicitly assumed that the distribution 
of the sarin molecules over the surface sites 
during adsorption is temperature inde- 
pendent; on the basis of this assumption 
G1 - Gs may be taken as a constant. The 
hypothesis is supported by the ir spectro- 
scopic evidence (1) that the surface cover- 
age and structure of sarin are independent 
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of the pretreatment temperature of t’he 
alumina sample. 

Sub b. The time dependence of the factor 
( exp (- i&t) - exp (- klt) }/t is strongly in- 
fluenced by the magnitudes of the paramc- 
ters k1 and kz. Provided kz is sufficiently 
small and Icl sufficiently large, the sum of 
the exponentials may bc replaced by 
unity in a definite time interval. As the 
reaction rate is inversely proportional to 
time for 50 < t < 3000 min, these condi- 
tions may be considered to be fulfilled. 
Exp (- Iczt) being negligibly small, the factor 
may be replaced by ( 1 - exp (- Iclt) f/t. 
Functions of this form have been fitted to 
t’hc experimental curves by adapting the 
value of kl. The results for sarin dccom- 
positions at 0, 10, 20, and 30°C are shown 
in Fig. 10. In this figure the inverse propor- 
tionality between rate (+--&) and t’imc 
appears from the horizontal lint in the 
interval 50 < t < 140 min. 

The results for magnesia at reaction 
temperatures 10 and 30°C are shown in 
Fig. 11. The resulting ICI values for alumina 
and magnesia arc plotted vs l/T in Fig. 12. 
From the slope and intersection with the 
In h: axis of the best fitting straight line, 
the frequency factor IcO and the activation 
cnthalpy AHact of the fastest reacting 
“reaction centers” may be derived. The 
values arc as follows : 

ALO, 
MgO 

k, (see-I) AH,,, (kcal/molc) 
2 4.3 
0.5 4.2 

Both for the time dependence and the tem- 
perature influence it may be concluded that 
Eq. (8) satisfactorily predicts the experi- 
mental rate, thus confirming the postu- 
lated model. 

The physical interpretation of the ex- 
tremely small frequency factor requires 
particular attention. Together with con- 
siderations concerning the shape and the 
origin of the distribution in cf this will be 
discussed in Part III (f~). 

K Imin-'1 

320 3.LO 360 380 

‘T i OK-‘] 
Fra. 12. Logarithmic plots of ki vs reciprocal 

temperature for alumina pretreated at 120°C and 
magnesia pretreated at reaction temperature. 

CONCLUSION 

Normal 71th order rate equations fall 
short in reflecting the decomposition rate of 
sarin adsorbed on alumina, magnesia or 
carbon black impregnated with chromium 
(VI) oxide. A kinetic model that is pri- 
marily characterized by a variation in 
activation free energy, is able to describe 
the rate data adequately. The tentative 
assumption that the distribution function 
of the activation free energies is block- 
shaped is confirmed by experimental results. 
The kinetics bear a resemblance to the 
well-known Zeldovich-Roginskii kinetics 
of adsorption and chemisorption processes. 
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