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ABSTRACT

The experimental part of the work has been carried out in a high vacuum
apparatus by the static method. The reactions have been followed by ob-
serving the pressure change with time inside the reaction vessel and by
quantitative analyses employing a 112 model Perkin Elmer inirared spec-
trometer. Most samples have been fractionated before analysis, at solid
CO, and (or) liquid air temperature.

Work done during the period covered by this report may be considered
divided into two parts: 1) Sensitization of the thermal decomposition of
two acetals, and 2) Detailed study of the nitric oxide inhibited methylal
decomposition.

1) Sensitization

The influence of several scnsitizers on the thermal decomposition of
methylal and dimethyl acetal has been studied,

The activity of ethylenc oxice on the normal decomposition of methylal
has been tested at several temperatures (421, 478 and 520°C) and star-
ting pressures.

Quantitative analyses of the products formed in the ethyiene oxide de-
compositicn have been made under different experimental conditions, as
also of the products formed from mmethylal and ethylene oxide mixlures at
different reaction times and at increasing ethylene oxide pressures,

If very small amounts of nitric oxide are added to the methylal-ethylene
oxide mixtures, the decomposition rate of the sensitized reaction is greatly
reduced, the inhibition being transitory in character.

Both the experiments on the pressure increasc rate and the quantitative
analyses of the products formed from dimethyl acetal and ethylene oxide
mixtures under different experimental conditions at 399°C, prove that the
latter compound may be also considered as a sensitizer of the dimethyl
acetal decomposition.

Biacetyl has been tested in the 390-520°C range as a possible scusitizer
of the methylal decomposition but its influence, if any, is unimportant.
However, biacetyl seems to be efficient in aensitizing'a reaction in a ni-
tric oxide inhibited methylal decomposition at 520°C.
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The question arises whether biacetyl {8 a true sensitizer of the reaction
by starting nitric oxide uninhibitable mecthylal chains, or whether it is culy
an apparent sensitization due to consumption in the reaction with blacetyl
of the nitric oxide prescnt. In order to elucidate this question detailed ex-
perimental work has been done including numerous quantita.ive analyses,

Di-t-butyl peroxide has been tested in a wide temperature range
(168.5 - 527°C) but it seems unsuitable as a sensitizer of methylal decom-
position.

2) Study of the nitric oxide inhibited methylal decomposition.

A large number of experiments (about two hundred) have been made in
order to elucidate the influence of nitric oxide on the methylal decompo-
sition pressure increasc rate at scveral temperatures, and results vrove
conclusively that there is no inhibition limit.

These results together with those previously obtaiined in the [st and 2nd
annual reports on this resecarch, have been thoronghly studied by applying
the steady state approximation.

A discussion of the mechanisms resulting from the dilferent reaction
possibilities between nitric oxide and one or several of the radicals involv-
ed in the normal methylal decomposilion proves that the consumption of
nitric oxide and cther reaction fcatures can not be e¢xplained in terms of
the inhibition process only. Consequently, a reaction mechanism is pro-
posed in which nitric oxide starts and stops methylal chains.

The proposed mechanism appears to be successful in explaining all the
experimental dataavailable, i.e. stoichiometry of the recaction, consump-~
tion of nitric oxide during inhibition, products formed, lack of an inhibi-
tion limit, ctc.

By applying the sicady state approximation to thec mechanism, we derive
an Interesting equation which relates the pressure increase rate to the
initial amounts of methylal and nitric oxide, This equation depcnds on se-
veral paramecters (elementary rate constants or ratios among them) that
have been calculated at different temperatures by the trial and error method.
They have been used to calculate reasonable values of the corresponding
activation energies and {requency factors.

The remarkable agrecment between the experimental points and the
theoretical curves provides a convincing check of the proposed mecha-
nism.




I. INTRODUCTION

As a contribution to basic research on the kinetics of the thermal de-
composition of organic compounds, four acetals were selected for study:

formaldehyde dimethyl acetal (methylal)
formaldehyde diethyl acetal (ethylal)
acetaldchyde dimethyl acetal (dimethy! acetal)
acetaldehyde diethyl acetal (acetal)

During the first ycar, the normal decompositions of the four acetals
were studied. Detailed gquantitative tnalyses were made for different
temperatures and reaction timee¢ and the kinetic constants deterinined.

During the second year the methylal chain decomposition was mathe-
maticatly discussed by applying the steady state appoximation to the pro-
posed mechanism. The order of the reactlion and several stoichiometric
relations among the products were tested experimentally. Moreover some
elementary rate constant ratios and the change experienced by several
radical concentrations throughout the reaction were evaluated.

Duaring the second year we carried out a detailed expe rimental study on
the inhibited reactions of mecthylal and dimethyl acetal employing unsatu-
rated compounds and nitric oxide as inhibitors. It was found that consi-
derable differences exist between the olefines and nitric oxide as far as
their inhibition behaviour is concerned.

A thorough discussion of the nitric oxide inhibited methylal decomposi-
tion has been undertaken during this third year, the aim being to clucidate,
if possible, the nature of the so called ""complete' Inhibitior, i.e¢. whether
a molecular rearrangement or whether & residual chain reaction could
explain the experimental results obtained. We hoped that a great deal of
light would be cast upon the problem by the application of the steady state
approximation to several hypothetical mechanisms.

It was also considered advisable to undertak: an experimental study of
the effect of several sensitizers on the acetal decompositions with the hope
of obtaining a deeper understanding of the mechanisms involved by study-
ing the reactions from difierent points of view.




II. APPARATUS AND METHOD

I1.1. Apparatus

The reactions have been studied by the static method in a high vacuum
apparatus that has already been described with some detail (1). The silica
reaction vessel is kept inside a furnace, the temperature of which is set to
- 0.5°C by a controller and measured by means of a thermocouple and a
slide wire Cambridge potentiometer.

In order to introduce vapour mixtures at accurately measured partial
pressures, a change in the experimenial device has been made (Fig. 1).
Mixtures of the required composition are prepared in the globes by mea-
suring the partial pressures on the manometer. The globes are maintained
at a fixed temperature by means of a thermostated bath, The parting fac-
tors between the globes and the reaction vessel are previously determined
at the chnsen reaction temperatures and it is therefore possible to eli~
minate the erreors that might be made in the measurement of the initlal
pressures, a fact which increases in importance at high initial reaction
rates,

vacuum,_ %

reaction

=
vessel




The decomposition has been followed by measuring the pressure change
in the reaction vessel in terms of time and by quantitative analyses with
a 112 model Perkin Elmer infrared spectromcter, The samples have been
fractionated before analysis, at solid CO; or liquid air temperature,

I1.2. Preparation and purity of materials

Ethylene oxiae

It has been synthesized by the rcaction between ethylene clorhydrin
and potassium hydroxide mixed with clean dry sand. The product hasbeen
collected at liquid air temperature and purified byfractional distillation.

Other compounds

Nitric oxide has been obtained again as previously described. Biacetyl
is a purum grade Fluka chemical. Di~t-butyl peroxide Is a purum grade
Noury v. der Lande chemical.

I1.3. Methkod of analysis

Qualitative and quantitative analyses have been carried out with 7 112
Perkin Elmer infrared srectrometer accovding to the previourly descri-
bed method (1).

e 062.6cm') ¢ 10
(820cm™) T~1.5 Blacety!

T Ethylene oxide

o -1
127.3em
820cm’)

Optical density

0.10 05
—105
005 . <
882.6¢cmn
0 0 1 | R
0 10 20 0 (4 16

Pressure,mm.

Fig. 2

The cthylene oxide and biacetyl spectra have been determined at several
partial pressures, and optical densities have been plotted against partial
pressures at convenient wavelengths to obtain the necessary calibration

curves (Fig. 2).




1. SENSITIZATION

I1I.1. Ethylene oxide sensitization of methylal decomposition

H1.1.1. Pressure increase-time curves

The sensitizing action of ethylene oxide on the normal decomposition
of methylal has been tested at several temperatures (421, 478 and 520°C)
and starting pressures. Th~ results obtained for 421°C have been plotted
in fig. 3, which shows that methylal decomposes at a higher rate, as the
initial pressure of added ethylene oxide increases. For comparative pur-
poses the pressure increase-time curves corresponding to the decompo-

£
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Fig. 3.421°C. Initial methylal pressure 75 mm and ethylene oxide, curves

I-0;0-10;II-21;1IV-28.5V -50;VI-75.5 VII~-99.5, VIl - 150.5;

IX - 190 mm, Initial methylal pressure 0 inm, and ethylene oxide curves

X = 75.5; XI - 100; XII - 188 mm. - Curve XIII - Ethylene oxide rates.
Curve XIV - Methylal and ethylene oxide mixturcs rates
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sition of thylene oxide alone have been also plotted in the same figure
(curves X, XI and XII). The corresponding measured rates are shown
in table I.

TABLE 1

Tewmnperature, 421°C

Methylal Ethylene oxide {gl_’_
t/o

(mm) (mm) (mm/min)

75.5
100
188

0
io0

21

28.5

50

75.5

99.
150.5
190
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At the higher sensitizer pressures studied, the rate of reaction increa-
ses slowly, in all probability largely duc to the decomposition of the large
amounts of ethylene oxide that are present, rather than to an increase in
the decomposition of methylai itself.

HI.1.2. Analyses

In the ethylene oxide sensitized methylal decomposition most of the
reaction products appear to be qualitatively the same as those cbtained
from the normal decomposition. By infrared spectrometry only ketene has
been detected as a new product.

In order to check which of the products formed are duc to decomposi-
tion of ethylene oxide as well as their relative amounts under experimen-
tal conditions of this research, we have undertaken several experiments
(table 1I, fig. 4) at 421°C. Analytical samples have been taken by direct
parting between the reaction vessel and the infrared analysis cell. Ab-
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Fig. 4. 421°C. Ethylenc oxide decomposition
products at 20 minutes rcacticn time
TABLE 1II
Norrmal decomposition of ethylene oxide
Reaction time, 20 minutes, 421°C
(pressures in mm)
Total
Inftial Ethylene oxide ) . 1hane Ketene Acetal- pig, pressure
ethylene oxide (product) dehyde (sampling)
31.5 20.8 7 0.8 0.3 12,5 39
40 26.5 6.5 4.3 - 14.5 49.5
75 46.8 4.7 6.7 0.8 22.5 92.5

sorption due to ketene overlaps with that due to carbon monoxide; more-
over the former is much greater than the latter when compared on the ba-
sis of equal partial pressures of both compounds and. consequently, only




the ketene amounts in the samples may be safely calculated. The error
introduced by neglecting the presence of carbon monoxide amounts to only
a few units per cent in the optical density mecasurements. Material balan-
ces show that the differences under the "dif'" heading are mixtures of
roughly 75 % CO, 12.5 % H, and 12.5 % C,H, which is in agreement with
the results obtained by previous investigatoré (2).

We have carried out quantitative analyses of the products obtained at 20
minutes reaction time in the sensitized decomposition of 75 mm initial
pressure methylal with the addition of variable amounts of ethylenc oxide
at 421°C (Table III, fig. 5). The analyses havc been carried out by infrared
spectromectry after fractionation of the samples at liquid air temperature.

80t
co L CH,
O—"
L0}
E
g CH,CO CH,OH
3 N 4 el T
< 40 80 40 80
v
(0}
o
a 80 o [e) 80 r ’GO ~
Ap
40 §° 4O 8of
Dit (mainly H,) -
HCOOCH,
40 80 40 80 40 80

Ethylene oxide pressure,mm.

Fig. 5. 421°C. Initial methylal pressure 75 mm. Reaction time 20 minutes.

Some differences have been observed between the total pressure as mea-
sured on the manometer and the sum of the products analytically evaluated
in the condensed fraction at liquid air temperature. In order to find out
the reason for these differences, we have run several blank experiments
in which only methylal has been pirolysed at 421°C. The results obtained,
together with those obtained with only ethylene oxide in table II, show that




the observed differences are due to losses of methylal, which is probably
absorbed in the tap grease. Materlal balances between reactants and
products confirm this conclusion and, consequently, in that which fol-
lows these differences have been gsystematically added to the amounts

of methyial found by infrared spectra.

fressure, mm.

cHioSHy, | 20 10+
TG | L CO’.-<)- | CH.o

| )

| \‘ HCOOCH, ‘0|

Time, minutes

Fig. 6. 421°C. Methylal 75 mm; ethylene oxide 75 mm.

The methylal sensitized decomposition at 421°C has been also studied

for different reaction times; the initial partial pressures of methylal and
ethylene oxide being 75 mm (table III, fig. 6).
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TABLE 11l

Ethylene oxlde sensitized methylal decompoualtion. Initial rnethylal pressure
75 mm. temperature 42] °C (pressures in mun)

9 o ve e = e o O B o 0
SEL|E 8 SE |B2RS| § S waleBl 58| ¢ |QAg
SES|FE s 1582 & | 2 ladlsssal e ¢

8 L an | & = > & e ~ 3 K X E

4

3.5 20 117 4.5 60 20 17.5 9 1 - 10.5
6.3 2 127.5 6.5 51 2: 23.5 1 10 1 - 10
9.8 20 139.5 9.5 47 2 24.51 11 1.5 - 18
21.5 20 173.5 15 40 33 33 13.5 - - 29.5
29.8 2 193 20 32 42.5 39.51 13 1 1.5 34.5
40.5 20 216.5 28.5 40 4 43.5 1 17.5 1 3.5 43.5
75 4 183 67 67 19 17 9 - 4.3 -
75 6 2090 42 36.5 | 26.5 ] 2 12.5 - 4.5 1 17
75 6 200 76 18 31.51 2 14 0.8 5.4 5
75 10 235.5 68 £9.5 | 42 41.5 1} 18 - 5 26
75 10 233 63 40 42 32" 17.5 - 5] 33.5
75 14 57 58.5 20 413 37.5 18.5 - 4.2 1 65
75 18 273 53 25.5 1 49 42 19.5 1.8 3.6 17
75 30 305.5 50 - 69.5| 54 19 0.8 4.3 99
75 45 325 43 - 85.51 90 16 1.7 3.6 89
75 63 348.5 39 - 99 96.5 2.5 0.3 - 96

I1.1.3. The influence of nitric oxide

If very small amounts of nitric oxide are addcd to the methylal-ethylene
oxide mixtures, the decomposition rate is greatly reduced showing that
nitric oxide is an inhibitor of the reaction. Morecover, the inhibition seems
to be transitory, inhibition time depending on the nitric oxide initial par -
tial pressure (Fig. 7).

The question now arises whether the inhibitory effect of nitric oxide is
due to its reaction with radicals formed directly from ethylene oxide or
whether the methylal chain is actually inhibited by a xcaction between NO
and the radicals formed {rom methylal, after sensitization. Some curves
corresponding to the action of nitric oxide on cthylene oxide decomposition
have been experimentally determined in this research (Fig. 8). A compa-
ratively high temperature (478°C) has been chosen ir order to enhance the
reaction between them because it is almost unnoticeable at 421°C.Accora-
ing to these results, it is quite obvious that the great rate reduction ob-




Pressure increase, mm.
!

Pressure increase,mm.

- Ul =
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120

60
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Fig. 7. 421°. Methylal 75 mm.
Lthylene oxlde, curves I - 0; 11,
I, IV V - 75 mm. Nitric oxide,
curves 1-0;11-0;111-1);1IV-2.5;

V -4 mm

/ B
r /
|
d
3

¥ |
0 6

Time, mintites

Fig. 8. 478 °C. Ethylenc oxlde 75 mm.
Nitric oxide, curves 1-0; II-2; II-5;
1IV-11; Vv-~18,5; VI-55; VII-200 mm
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served In the sensitized methylal decomposition at 421 °C In the presence
of nitric oxide can not be explained in terms of a reaction between the in-
hibitor and the ethylene oxide or of any of its decomposition products. The
possibility still remains that nitric oxide has reacted with the radicals
produced in the ethylene oxide decomposition and that, therefore, no me-
thylal chain was formed.

However, Fletcher and Rollefson (3) and Steacie and Folkins (4) have
already studied the inhibitory effect of nitric oxide on ethylene oxide de-
composition, following this reaction by pressure increase measurements.,
According to their results, the induced chain decomposition of the acetal-
dehyde formed by ethylene oxide isomerization was assumed to be the
actual subject of nitric oxide inhibition instead of the main reaction which
is responsible for the dissapearance of ethylene oxide.

Ceonsequently, a more satisfactory explanation of our experimental re-
sults seems to be that here, too, the methylal chain is the actual subject
of nitric oxide inhibition after its decomposition has been sensitized by
ethylene oxide. The remarkable similarity in the shapes of the Ap-time
curves corresponding to the NO inhibited normal decomposition of me-
thylal (5) and of those plotted in fig. 7 greatly supports this assumption.

I11.2. Ethylene oxide sensitization of dimethyl acetal decomposition

11.2.1. Pressure incregse-time curves

The sensitizing action of ethylenc oxide on the thermal decomposition
of dimethyl acetal has been studied at 399°C. The curves corresponding

£

E v

3

g 60 o

€ I

o

5 30 1

n

("]

y

a

0 L 0
0 20 40 0 20 40

Time, minutes

Fig. 9. 399°C. Curves X, I, II, III and 1V, dimethyl
acetal 75 mm and ethylene oxide 0 -~ 10 -~ 20 - 40 - 60
mm respectively. Curves V, VI, VII and VIII ethylene
oxide 40 mm and dimethyl acetal 11.5 - 21 - 40 and 61
mm respectively. Curve IX, ethylene oxide 75 mm
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to the influence of varying amounts of ethylene oxide on a fixed amount

of dimethyl acetal and those obtained with varying amounts of dimethyl
acetal and a fixed amount of cthylene oxide are shown in fig. 9 (a) and (b).
Curves IX and X belonging to the same figure show that the pressure
Increase due to the decomposition of cither of these two compounds, if
decomposed unmixed, Is comparatively very small, even at the higher
partial pressures considered In these experiments.

I11.2.2. Analyses

Quantitative analyses have bheen cffected for different reaction times
of the products formed at 399 °C in the decomposition of 75 mm initial
pressure dimethyl acetal and 40 mm initial pressurc ethylene oxide
(table 1V, fig. 10). Analyses corresponding to the influence of different

80 80 80t

(5\
N
N

o
40 (CHL0 | 40 Q 4O
o ° 2

T

E
E
Q; L _— A O 1 '1
;, 0 20 40 0 20 40 0 20 40
g CH,OH
[ 5 CH,CO 5/- 3
= 4” - COO/ Or e (e Yo Qe QO 0 "——J?_
20 40 20 40
CHy
° [e]
20t 40k 20f CH,Co0CH,
] 1 1 L A 1
0 20 40 0 20 40 0 20 40

Time, minutes

Fig. 10. 399°C. Initial dimethyl acetal pressure 75 mm. Initial
ethylene oxide pressure 40 mm
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TABLE 1V

Ethylene oxide sensitized dimethyl acetal decomposition at 399°C.

Initial dimethyl acetal pressure, 75 mm.

(pressures in mm)

g E g ";‘ o] % g —_ U ) — 's - :: 8
w4 et - -—
SesfEs| 23 | 59 | 85| 2 | £3| 8 | £€|FE8| i
FEE|E5| E% | e | wE | 3 | ey | s |es|feg]| o
3 © £ h° a « 8] g 5 P X b E o
40 11 29 5 60.5 15.5 22 8.5 - - - 20
40 15 32 56 15 26 11.5 0.8 1.5 27
40 20 33.5 46.5 22.5 31 12 0.8 1.5 34
40 20 35.5 30.5 26 47.5 15.5 0.8 2 42
40 40 25.5 42.5 37.5 52 16.5 1.2 215 60.5
10.3 20 12 49.5 12 2 2.,5 9.5 - 1.2 21
20 20 19.5 51.5 14 26 10.5 - - 27.5
31 20 24.5 54.5 13 28.5 10 - - 10,15 30
40t 80k 40
(CH,),0 S\
\ ap
5 o o /O/O)A
20+ 401 CH,CH(OCH,), 20+~
E
E
J 0 1 L 0 1 1 0 1 ‘l
E 0 20 2] 0 20 40 0 20 40
g
— ‘0" i
a CH,OM £k 5 CH,CO
0 JAJJ e CH, 0 20 1‘6——
20 40 el 5\ C,H,0CH,
co 0 Cpremeend — |
20} 20} 20¢ 20 40
o CH,CO0CH,
o) - y—O"
0 i 1 0 I 1 0/ 1 L
0 20 40 0 20 40 0 20 49

Ethylene oxide pressure,mm.

Fig. 11. 399°C. Initial dimethyl acetal pressure 75 mm. Reaction

time 20 minutes
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amounts of ethylene oxide for a fixed rcaction time (20 minutes) on the
decomposition of 75 mm initial pressure dimethyl acetal have also been
made (table IV, fig. 11).

It seems that the products formed are qualitatively the same as those
obtained in the normal dimcthyl acetal decomposition. A small amount of
ketene formed in the decomposition of ethylene oxide has been found among
the products. Other products, such as hydrogen, ethane and acctaldehyde,
which are usually formed in the normal decomposition of ethylene oxide,
have not been detected owing to the amounts of the latter compound used
up during the reaction.

111.3. Biacetyl sensitization of methylal decompusition

HI.3.1. Pressure increase-time curves

Experiments have been made at 390, 424, 486 and 520°C in ovrder to
test whether biacetyl may be considered as a methylal decomposition
sensitizer or otherwise. As an example, the results obtalned at 520°C
have been plotted in fig. 12 showing that both methylal and biacetyl de-~
compose at rates of the sarnc order of magnitude and that the influence of
biacetyl on the decomposition of methylal, if any, is unimportant.

: -
e 150+ //-——-'——"
g -~ I
o —t
S 100} —
=
©
5 50 I
)
(2]
v
o 0 1 1

0 5 10

Time, minutes

Flg. 12. 520°C. Curve ], blacetyl

30 mm,. Curve II, methylal 75 mm

Curve Il blacetyl 30 mm plus
methylal 75 mm

Klute and Walters (6) have reported that nitric oxide does not inhibit
biacetyl decomposition. Consequently, the possibility of studying whether
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blacetyl is a sensitizer of the nitric oxide inhibited acetal decomposition

has been considered. The results

cbtained are plotied in figures 13 to 17.

Fig. 13 rl.ows thats if a fixed amount of biacetyl {15 ram) {s added at
520°C to the decomposing mixture corresponding to the nltric oxide (5
mm) inhibited methylal (75 mm) pirolysis at different reaction times, the
pressure increase-tiie curves suddenly shift towards greater pressure
increases.

Pressure increase,mm.

Pressure increase,mm.

E
150+ £ 5o
N
wn
3]
100 @100+
O]
£
Q
S0 5 501 biacetyl
n sdded
(V] 7
0 |2 O—r-""‘\ ‘ 1 1
0 ) 10 20

Time, minutes

Fig. 13. 520°C. Curve ], initial
pressures: methylal 75 mm, ni-
tric oxlde 5 rmm. Curves II, III
and [V:effectof afurther addition
of biacetyl 15 mm at the tlimes
shown by the arrows

Time,minutes

Fig.14.520°C. Initial pregsures,

methylal 75 mm, nitric oxide 5

mm.Curves I-0;I1-~5; JII - 6.5;

IV-8;V-10; VI - 15mm biace-
tyl added at 5' 30"

E [ p)
150F Y E 150f
I % //
100} ~ | @00r S
E «NO18mm
s 1 = NO1SS mm s
S0} @ 50- /
blacetyl /7
- § 15mm Nu\Bmm__-"/
0 2 1 . 1 - e 1 1 s 1 1
0 10 20 0. o0 10 20
Tirne, minutes Time, minutes

Flig.15.520°C.Initial pressures,
methylal 75 mm, nltric oxide 5

mm, blacetyl,curves I-0;II - 4;
I -6.5;, 1V -8.2; V - 15 mm

Fig. 16. 520°C. Effect of nitric

oxide upon the pblacetyl sensitized

reaction. Initlal pressures, me-

thylal 75 mm, nitric oxide 5 mm

with a further addition of biacetyl
15 mm at 5' 30"
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decomposition of 15mm blacetyl.

The results obtained if addition of increasing amounts of biacetyl is
made at a fixed reaction time (5' 30") to the methylal (75 nmum) and nitric
oxide (5 mm) decomposing mixture are plotted in fig. 14. A similar ef-
fect is obtained if both a fixed amount of nitric oxide (5 mun) and increas-
ing biacetyl amounts are added at zero reaction time (fig. 15).

Figures 13, 14 and 15 scem to prove that biacetyl acting upon the inhi-
bited methylal decomposition may sensitize a reaction. Fig. 16 and 17
show that the sensitized reaction may again be suddenly inhibited if nitric
oxide is added. Moreover, the inhibition time increases with the NO pres-
sure of the latter addition, when the other e: perimental conditions remain
unchanged.

The above results may be explained in one of the two following ways:
either biacetyl can start sorne nitric oxide uninhibitable methylal chains
or it reacts with nitric oxide, thec assumed sensitization being only a
suppression of inhibition owing to the consumption of nitric oxide, due to
the biacetyl added.

The latter of the above possibilities seemcd to be excluded owing to the
already mentioned results (6) of previour investigators. However, some
experiments made by us in order to find out the possible effect of nitric
oxide upon biacetyl seem to show that there is a reaction between them, a
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decrease in the Ap-time curves being observed at great NO/biacetylratios
(fig. 18). Similar results have been obtained at higher methylal pressures
(150 mm) .

111.3.2. Analyses

Some infrared spectrometry analyses have been undertaken in order to
study the possibility of nitric oxide reacting with biacetyl.

Qualitative analyses of the products formed from 75 mm biacetyl plus
50 mm nitric oxide after 14 minutes reaction time at 520°C show that an
appreciable amount of hydrogen cyanide (about 10 mi) is formed.Moreo-
ver we have detected several bands around 2300 cm-! and carefully mea-
sured their frequencies which correspond to one (or more than one) pro-
duct whose identity has not as yet been established.

Quantitative analyses of the products obtained from 30 mm biacetyl
and 10 mm nitric oxide for several reaction times have also been made
(table Vv, fig. 19). The optical densities which correspond to the unknown
product have been plotted under the heading "'nitrile'" because most
nitriles are absorbent in the vicinity of 2300 ¢cm-! and the possibility of
one product being a nitrile cannot be ruled out.

We have carried out several analyses for different reaction times
corresponding to the decomposition of 75 mm initial pressure methylal
inhibited by 5 mmm nitric oxide with a further addition of biacetyl at
5'30". The results are shown in table VI and fig. 20. The differences we
have found between the pressures measured on the manometer and the
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10 mm nitric oxide

Nitric oxide inhibited biacetyl decomposition at 520°C
Initial biacetyl pressure 30 mm; initial nitric oxide
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sum of the partial pressures analysed in the volatile fraction at liquid
air temperature should be adscribed to molecular hydrogen formed in

the reaction. Similar small differences have also been found in the

medium fraction, between liquid air and solid CO, temperatures. They
are probably due to small amounts of ethane being present among the
products. Ethane is not detectable by infrared spectrometry owing to
its small absorpting power under the experimental conditions of these
analyses.

TABLE VI

Nitrlc oxide Inhibited blacetyl sensitized methylal decomposition at 520°C
Initial methylal pressure 75 mm; initial nitric oxide pressure, 5 mm; blacetyl

15 mm added at 5'30" (pressures in mm)

o = — — © L N =] o= o
alSe2l 2| 5|8 |83125|28| 2| 5 [2Ei|lug(uTasd

o £ 3 o 0 Jg] olS gl o e & Lo ool 2o |2 < &,
Lﬁgg.s & % 5 ;S T IR sdl & |Hacglaz Qg8 8¢

e Els | a |3 [Cg{Re|2R| 20| % |28 o
1} 5'30"]66 15 6 5.5 2 0.15 2 101
2] 5'30 166 15 5.5 2.5 3 0.08 7 3.41102.5
31 810141 19 22 12.5]11.5]0.05]1 40 2.5] 143
4112'15]28 28.5 |26 13.513.5]0.31(0.5 67 7 184
5{16'15"{17 48 47.5115 1.510.48 81 8.51226.5
6117'45}123 56 48.5114 1 0.40 83 3 232.5
7120 22 45 48 15.5¢3 0.32 0.12 | 81.5]11 230
8119 14.5 46 46.5(15 2 0.30 0.09 76 18 225
9122 23.5 39.5139.5114 2.510.50 0.19 86 10 224
10| 20' 19 46 46 18.5) 6.5]0.63 0.16 236
11110’ 25 8 48.5 21 5 0.47 0.26 197
12118 33 10.5]63 14 6.5] 0.64 0.29 242.5

Note: Experiments 1 to 7 have been made fractionating atliquid alr temperature;
expcriments 8 and 9 at liquid air and solid CO, temperatures; experiments

10, 11 and 12 by directly sampling.
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111.4. Di-t-butyl peroxide

Experiments on the influence of di-tert-butyl peroxide as a possible
sensitizer of methylal decomposition have been made in a large tem-
perature range (168.5 - 527°C).

At first sight the pressure increase~time plots obtained for the higher
temperatures (527 and 505°C) with 75 mm starting methylal pressure and
several D.B.P. pressures up to 50 mm, showed a rate decrease for in-
creasing D.B.P. pressures which, on closer examination, was shown to
be due to the high decomposition rate of D.B.P. at thesc temperatures.
There is a very quick increase in pressure before the total amount of
methylal and D.B.P. mixture has reached the reaction vessel and, con-
sequently, the apparent initial pressure inside the reaction vessel actual-
ly corresponds to a methylal poor mixture owing to the considerable
amount of decomposition products present. The measured rate is then
lower in the presence of D.B.P.

Experiments have been carried out at lower temperatures (423, 416,
401 and 316°C) where the normal methylal decomposition is not detec-
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table, but here again is not possible to study the sensitization which is
due, once more, to the fact that D.B.P. decomposes too quickly.

At still lower temperatures (185 - 168.5°C) where D.B.P. decomposes
at a measurable rate, it has been proved that it exerts no sensitizing
effect on methylal decomposition (Fig. 21). The methylal chain transmis-
sion rate is probably very low at these temperatures and no chain would
be formed even it some attack of the D.B.P. derived radicals on the
methylal molecules were to take place.




IV. STUDY OF THE NITRIC OXIDE INHIBITED
METHYLAL DECOMPOSITION

IV.1. Discussion of the hypothetical mechanisms of inhibition

As we have mentioned before (1) (5), a general feature of the NO in-
hibited decomposition of organic compounds seems to be that the reaction
is not completely suppressed by the inhibitor, and a minumum rate dif-
fering from zero is reached as the NO concentration increases. Whether
the remaining reaction is a chain-free molecular process or whether it
corresponds to a fixed state of incomplete chain suppression has been the
matter of much controversy (6) (7) (8) (9) (10) (11) (12) (13) (14) (15).Sum-
marizing the results found in literature, it seems probable that frequent-
ly maximum nitric oxide inhibition does not correspond to the complete
suppression of chain processes, although the possibility of a simultaneous
rearrangement reaction is not excluded. However, the similarity of the
results obtained with propylenc and nitric oxide in previous investigations
where the same inhibition limit appeared to have been reached with both
inhibitors has been given great weight, as sceming to indicate complete
suppression of chains.

The latter explanation may not be sately accepted in the decomposition
of methylal where considerable differences have been found for both inhi-
bitors, nitric oxide or olefine (5) Moreover, the stoichiometry of nitric
oxide inhibited methylal decomposition could not be explained in terms of
only one rearrangement process, bul rather in those of at least three
independent rearrangement processes.

These considerations led us immediately to suspect that methylal de-
composition may well be an example of an instance of the non-disap-~
pearance of chain processes in the presence of nitric oxide. Consequently,
we declded on a detailed discussion of the experimental results found in
this research with the aim of establishing whether they could all be ex-
plained without assuming that the ""completely" inhibited reaction is wholly
or in part a rearrangement process.

The chain sequence for the normal methylal decomposition was:
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Initiation.
1) Methylal ——» CH; OCH, O + CH;j
2) CH,OCH;0 — H + HCOOCH,
Propagation.
3) Methylal + H — H,+R
4) R ——» CH, + HCOOCH;
5) Methylal + CH; —— CHy + R
6) R —— CH; O + CH, OCH
7) Methylal + CH;0 — CH3OH + R
8) CH,O —— H: CO +H,
9) CH; OCH ——= CHy + CO (fast)
11) R+H ——— Methylal
13) CH,O+H —— CH; OH

(R stands for the radical CH; OCHOCH;)

where steps 10) and 12) were alrcady neglected in the mathematical treat-
ment of the normal methylal decomposition (5).

In the above chain sequence there are several carrier radicals. If we
assume that NO reacts at comparable rates with all the different radicals,
the chain process would be completely suppressed and, as normal methy-
lal chains are rather long, in the presence of sufficient NO concentration
the rate should be reduced several hundredfola. This is not corroborated
by experiment and, consequently, a residual chain process could not be
explained in this way. The next step is to assume that several of the dif-
ferent radicals may be considered as practically eliminated in the reac-
tion with NO and that a residual chain process is carried on by the radicals
whose reaction with NO is negligible. In that which follows several pos-
sibilities are considered and the further implications of applying the
steady state approximation to the mechanisms that result, are described.
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It is well known thatmany thermal decompositions of organic compounds
are explained in terms ot those mechanisms where large and small radi-
cals arec alternate carriers of the chain, larger radicals decomposing into
smaller ones and products and the smaller reacting by a metathetical
reaction. It has been already suggested (16) that in the thermal decomnpo-
sition of diethyl ether, inhibitlon may be due to the fact that nitric oxide
reacts mainly with the large radicals.

1) Nitric oxide reacts with the R radical

Tue mechanism of the inhibited reaction would consist of steps 1), 2),
3), 5) and:

R + NO ——» products

With such a chain sequence, methyl alcohol and carbon me.ioxide should
disappear from among the products. The experimental results prove that
the contrary happens and, therefore, that the mechanism may be ruled
out. However the possibility remains that two different large radicals are
formed in normal decompositio., and that nitric oxide reacts preferen-
tially with only one of them,

2) There are two large radicals, nitri cxide reacting mostly with oune of

them

Deccomposition by steps ) and 6) would correspond to each of two dif-
fcrent large radicals which might be CH; OCHOCH; and CH, OCE, OCH,
formed according to two different possibilities of radical attack on the
methylal molecule. Nitric oxide inhibition would be attributable to reac-
tion with only one of these two large radicals.

If it is assumed that R, - NO p—s products, steps 4) and 11) would
disappear and the methyl tormate formation rate in the inhibited reacticn
would be reduced to kk; M, a fact which was not proved correct by experi-
ment. If, on the other hand, we assume that R, + NO —e products, steps
6) and 11) would be suppressed and the steady state approximation for the
inhibited reaction would lead to

‘CH4| g MIO |M] = |HCOOCH3|

which is not correct from the experimental point of view.
It is worth mentioning here that both this and several other modifi-
cations of this mechanism have been checked with experimental results
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without any success and, consequently, in the following proposed mecha-
nisms we will only discuss the action of nitric oxide on the small radicals.

3) Nitric oxide reacts mostly with methyl radicals

In the normal decomposition mechanism step 5) would be substituted
by:

a) CHj; + NO —— products
Here again, the stoichiometric relationships:

|co] - ‘CI—]30H1= 2 [cm]

) I
| HcoocH, | + jcny | + M| = lMIO
which are derived from the steady state approximation when applied to

this mechanism, are experimentally proved wrong.

4) Nitric oxide reacts with the methyl radicals and partially with the
methoxyl radicals

Step 5) could be neglected as in mechanism 3). The following steps
should be added:

a) CH; + NO » products

b
C) CH;0 + NO Z———" CH;ONO
d) CH;ONO -———» products
The possibility of alkoxyl radicals reacting with nitric oxide is sup-
ported by recent research work (17). However, it seems that organic
nitrites produce nitric oxide readily and that the opposite rcaction is

not so easy (2). In consequence, it is to be expected that equilibrium

b) will shift rather markedly towards the left,
c
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Moreover, the steady state approximation would give;
| M) - [M| = [cml . IHCOOCH‘
o

which renders the mechanism inadequate for experimental results.
If k, were much smaller than k¢, kp and k3 , the results obtalned

with this mechanism would be equivalent to those cbtained with mecha-

nism 3).

5) Nitric oxidc rcacts with the methyl radicals and with the hydrogen
atoms

If nitric oxide were to react with practically all methyl radicals and
hydrogen atoms, the whole methylal chain would be suppressed and the
rate would bec much more smaller thavr found,

In conscquence, the possibility of a different type of chain initiation,
such as:

Methylal ——— % CH,0 - CH,OCH,
CI‘{J OC}]‘ e }{2 « CO + CII&

is to be considered together with the above conditions. At ''complete”
irhibition, the reacticon would then proceed through a chain mechanism,
but the difficulty is that the steady state approximation leads to:

|M —|Ml= :[CH4‘*

CH, OH HCOOCH; l

G
which is far from f{itting in with experimental results.

A possible alternate explanation might be that nitric oxide does not react
with all the meathyl radicals and hydrogen atorns prescent. The process
might be rather considered as a compeltitive rcaction between methylal,
nitric oxide and these active intermediates. Merhaps the rate constant of
step 5) is greater than that of step 3) and, consequently, in normal decom-
position hydrogen atom concentration is higher than methyl radical con-
centration. Nitric oxide would therefore react at a larger rate with the
former than with the latter,

On the basis of this or of a similar hypothesis it would not be difficult
to explain an almost constant inhibition limmit, where the residual chain
process would be transmitted by the methyl, methoxyl and B radicals.
After the major part of the recaction was inhibited by nitric oxide we
should only expect a slight decrcase in rate for greater NO concentra-
tions. However, it is unfortunate that such a mechanism does not secem
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acceptable, due to the fact that it has been found experimentally that
instead of diminishing, the rate increases for higher NO concentrations.
So far it is of interest that if the equilibrium:

is taken into account, the results obtained are equivalent to the above,

because this equilibrium is mathematically implied in the equation al-
ready considered for the normal decomposition mechanism.

6) Nitric oxide reacts with the hydrogen atoms

Step 3) might be neglected and:
e) H+ NO ——» products

ghould account for the inhibition process.

The fact that hydrogen atoms and nitric oxide react with each other
has been reported by Taylor and Tanford (18). Moreover the percentage
of molecular hydrogen found in the present research is lower for the
reaction mixtures obtained in the nitric oxide inhibited mecthylal decom-
position than in those obtained in uninhibited decomposition. In view of
these considerations, it would not be unlikely that step e) were of
some importance in the inhibition process.

By application of the steady state approximation, the following stoi-
chiometric relationships are derived for inhibited decomposition:

[CH4J . [HZJ

(], - ] = fen,]

] i
[co] «[HCOOCHﬁ

These equalities are not in large disagreement with experiment but
utilisation of this mechanism is unable to explain some experimental
details of the reaction rate-nitric oxide plots and the products formed
from nitric oxide offer stoichiometric difficulties.

1V.2. The proposed mechanism

A quick review of our attempts in the above mentioned search for a
suitable set of steps reveals that none of the proposed mechanisms sa-
tisfactorily explains how nitric oxide reacts during the inhibition process.
According to the experimental results already obtained (5), it appears
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unequivocal that nitric oxide is exhaustively consumed during the inhibi-
tion process in methylal decomposition. It was also concluded that very
likely the normal methylal chains are several hundred steps long. Then,
if nitric oxide is used up in the reaction with the radicals produced in
the chain initiation process, it is impossible to explain its comparatively
high rate of consumption in terms of any of the above mechanisms. This
difficulty still remains if the residual reaction at '"complete' inhibition
was assumed to be mainiy a rearrangement process,

The above ideas suggest that the greater part of nitric oxide may be con-
sumed in a process other than inhibition. This process should be a chain.
The difficulty of fitting experimental results to the partially inhibited
chain hypothesis has been proved in the preceeding discussion. Therefore,
in the following, the possibility of a new chain initiated by nitric oxide
reacting as a radical, will be considered.

The mechanism proposed must be also able to explain: a) the stoichio-
metry of the reaction; b) the dependence of the rate on the variations
experienced by the nitric oxide pressure-methylal pressure ratios; c) the
dependence of rate on the methylal pressure for a fixed nitric oxide to
methylal ratio; d) the production of HCN.

Taking irto account all these conditions, we propose a mechanism for-
mecd by the chain sequence from steps 1) to 13) in page 24 together with
the following:

14) Methylal

+

NO ——— HNO+R

15) H ' NO ———» HNO

16) Methylal « HNO ——— R + H,0 + é N,
17) 2HNO — —+ N,0 + H,0

18) CH, + NO ——— CH;NO

19) 2CH;NO —_—— (01431\10)2

20) CH,NO — HCN + H,0

Several attempts to explain experimental results by considering only
some of these steps 14) to 20) have been unsuccessful.

As the R radicals are comparatively large, it is likely that they de-
compose before they react and, therefore, the action of nitric oxide upon
them, if any, would be unimportant and has been neglected. As we

pointed out before, the b) equilibrium between CH;O and NO is probably
c
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shifted towards the left and has been also neglected. Although steps 16)
and 17) may be considered as speculative, they are not without foundation
considering the results obtained in previous investigations (18) (19) (20).
Moreover, Coe and Doumani (2]) have isolated the (CH;NQ), dimer.

1YV.2.1. The stoichiometry of the inhibited reaction

The atom balance betwecn reactants (methylal and nitric oxide) and
products formes according to the proposed mechanism leads to a set
of tour independent eqi.ations to which a fifth one, arising from the me-
chanism, may be added. In a simplified form, the five Independent equa-
tions may be written as follows:

10| = [Hen| - 2 [N, < [n,0] | [1]
M), - M| = |eu| - fmon] v o2 [cH,no) 2|
[vof, - [wo] -z fenwop|  [w0] + [m;0] 5]
M|, - |m]| = [nccocH;| - 3 |co] + ; [cH,0H] 4]
IfCHEOH! - |, -« [mo] = |co| - [(CH,,NO)Zl . g |HeN| [5]

The validity of these equations has been checked successfully with the
experimental results of the inhibited reaction at 559°C (Table 1II, ref.
(5) ). Methyl formate partially decomposes at this temperature and the - .
refore, the amount of CO, produced has been added to that of methyl for-
mate and subtracted from the amount of methane found by analysis.
It is worth mentioning that equation {2 l proves that

], - ] >[en ]

which is a different conclusion than that reached for the uninhibited reac-
tion, where the amount of consumed methylal was equal to that of produced
methane.
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1¥.2.2. The steady state approximation

The steady state approximation requires:

kM - kyMA + k Ry- kjg AN = 0

- k;MB + k(R - kgB - k;; HB = 0

kjM - k3MH + kgB - Iy RH - kj3 HB - k;s HN =0
k3MH + ksMA + kyMB - (k4 + k) R - k;,RH +

+ kg M [HNO] + k4 MN = 0

kis HN - kyg M [HNO| - 2K, [avo] sk MN =0

Kig AN - 2k [cnmo]2 -ky [CHyNO| = 0

l¢]
17l
8]

[°)
[10]

[10 bis |

where M, H, A, B, R and N stand for the concentrations of methylal,
hydrogen atoms, methyl, methoxyl, R radicals and nitric oxide, respec-

tively.
R

Two independent expressions for--m- may be derived from the preceed-

ing:

[11|

k kg N N
2k kg kys kN R
= + -
kyM + kg + ki3 H ksM + kg N M
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and:

I, N

kl 4+ — -klﬁH —+kl4N+ kl() [HNOl=
k]g N M
1+
ks M
Zkoky3 H kkjg N
koM + kg + k3 H kKiM + kg Nf M

if N = O, equations lll] and [12‘ reduce to [5] and {6] of the normal
decomposition treatment (5).

Here again the general expression relating H and M, which may be
derived from [11 and {12|, is very complicated and cannot be solved
for H. However, several relationships may be obtained which will cons-
titute the basis for checking the validity of the preposed mechanism.

Taking into account equation [9], the rate of methylal consumnption
may be expressed by:

aM _
dt

M - ks + ko] R .|13]

which is formally the same as the corresponding equation in the uninhi-
bited reaction treatment (5). However, here methylal is consumed ata
smaller rate because the R concentration is lower, although no apprecia-
ble reaction between the R radicals themselves and nitric oxide was ex-
pected to take place considering the mechanism under discussion.

The rate of nitric oxide consumption may be:

d
- .dfg ~k;s HN *+ ki3 AN + k;; MN [14]

The building up rates of the products formed in the inhibited reaction,
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if we take [6] and [7] into account, are:

J [CH4] kM ks
= + k6 4
dt k g N kg N
1+

ksM kM

\
J
_d__[C_o_] - kR (1 ‘ - \
)

dt

d |[ncoocH; |

= k,M - k4R
dt
d |H,| k kgR
- kM
dt 1 H*k7M+k8+k13H
d [cH,0H| ) 1 kg
_— " k.R -
dt ’ k.M + kg + kj3H
dC[:ZI = 1 kM [BNO]
d
[Hen] - k3 [cHsNO]
dt
d
[N;O] X, [HNO]z
dt
@ [1.0] = koM [HNO] + Ky |[nNo)’ + k4 [cH,yNO]
dt

d [(cH,NO),| o e

dt
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IV.2.3. Relationships among the clementary rate constants and the rates

Relationships similar to those obtained in the uninhibited reaction
treatment may be derived.

From [16] and [18]:

k3 H = Vi, - 'i' (Vco 'Vcn30n) {25]

From [16] and [19]:

M
kR = > (V( o f V(:ujon) [2'6]
From ll?l and [26}:
k(\ V’('() ' \');-”-{()'{ l J
0 27
kg 2 Vucm)(_n‘ - Zkl

where the V's stand for the corresponding rates divided by M.

The last three equations correspond to [32 ; 33] and | 27f respecc-
tively, in the normal decomposition treatment (5). They are of interest
because the values of k; H, k,R and k. /k; would be obtainable if suf-
ficlently accurate experimental data were available., Unfortunately, the
analytical results of the inhibited reaction at suitable temperatures, such
as 559°C, are not sufficiently accurate to allow such a precise measu-
rement as would be desirable of the production rates along the reaction
and only a rough calculation could be made.

Two equations corresponding to {28] and [29l of the normal decompo-
sition treatment have been obtained and from them, the foliowing inequa-
lities may be derived:

k, 1 1 Ve on ke,
—_— ky fls ————— )+ 2k M| > > — IZS]
kq M(Vco ‘Vcn3on) kg N M(Vco 'Vcnjou) kq

1+
L kgb/l J

which reduce to {30] of the normal decomposition mechanism (5) if the
amount of nitric oxide is equated to zero.

The left hand side of inequalities [28] increascs with nitric oxide con-
centration and, consequently, the usefulness of[ 28] in the inhibited
reaction treatment lies only in that it fixes a higher limit for the 1(7/k8

value.
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1V.2.4. The pressure increase rate and the lack of inhibition limit

A large number of experimecnts (about two hundred) have been carried
out at the temperatures of 513, 520, 530 and 559°C in order to establish
in detail the influence of nitric oxide on the methylal decomposition
pressure increase rate. The best curves that may be drawn through the
experimental clouds of points at the four temperatures have been plotted
in fig. 22. According to these results, there is no Inhibition limit, the
curves showing a minumum in rate which at the lower temperatures consi-
dered appears to be sharper and tends to be displaced towards low nitric
oxide pressures. The curves exhibit a sharp increase In rate following
the minimum as the nitric oxide pressure increases and a smoothincrease
at still greater nitric oxide pressures.

Experiments were carried out with 150 mm initial pressure methylal
and 14 mm nitric oxide pressure at 520°C with the addition of increasing
amounts of nitrogen to find out whether the smooth increase of the curves
in fig. 22 could be due to some third body effect produced by nitric oxide,
or otherwise. The results plotted in fig. 23 show that the influence on the
reaction of N, as a third body is comparatively negligible and that it may
be safely assumed that nitric oxide actually reacts with methylal.

IZGOmm/mln.
5689°C
s 20t
z
TQOmm/min.
ot §30°C
66.5mm/min 520°C
T 513°C
0 GSQJmm/min. N .
0 05 1.0
(Puo/ Pu )o

Fig. 22
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Fig.23.520°C. Curve J - 150 mm methylal

with nitric oxide additions. Curve II ~ 150

ram methylal plus 14 mm nitric oxlde with
nitrogen additions

Equation [13]| gives the methylal consumption rate in terms of the R
radicals concentration. In order to establish the character of its depen-
dence on the NO pressure, it is convenlent to derive an expression of R
depending on the NO pressure.

From equations [6] [7] and l9]:

kl M+ k,{ R k(\ R
ki MH + kM ————— +k; M *

| [29]

1(4 + k() + kll I'I

sl M [HNOJ ¢ iy MN

In this expression, the terms k;; H and k;3 H which form part of two
sums together with others independent of the NO pressure, become very
small during the inhibition process and may be neglected in the benefit
of simplificating |29] . However, no extrapolation at zero nitric oxide
pressure will be allowed to make, because the conclusions arrived at
would be wrong owing to the absence of these chain terminating terms.
But the simplification holds, provided no such extrapolation was made.
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From [7], [8] and |29]

k, M k kgR kM * k4R
R (kg k)s —— tyM+ ——— | + kM —— 4
KyM + ks N koM ¢ ki ksM + kg N
k, Mk¢R
C—— kM [HNO] i k4 MN [30]
koM ¢ kg

The [HNO] value in equation [30] may be written in an explicit form
employing equation IIO] . It is found experimentally that for small NO
pressures, the rate decreases steeply with a parallel decrease in the
H concentration. Consequently, the k;y HN term may be neglected in
[10] and the following approximate expression obtained:

ko M 8k ky7 N

[ 2t A
4k |- kijs M o

[HNo] -

From [30] and l31] we may derive an expression of R in terms of M

and N which, together with [131, allows d—dl\-g to be expressed in terms

of these variables. However, such an equation would not be of the ade-
quate form to check experimental results due to the fact that the methy-
lal consumption rate mcasurements are not accurate enough. Conse-
quently, it was considered worth while to find an equation which relates
the dp/dt and N/M values considering that much more accurate measu-
rements can be made on the \ p-time curves.

The pressure increase (A p) may be written as a difference between
the products formed and consumed. Considering the stoichiometric rela-
tionships ‘ll lZ] 3] and [5], this difference may be transformed into
the more convenient form:

sp = [HooocH,| « 2 [co] - [m,| - 2 ([M], - [mM]) 2 Jem]-

+ 2 [nen] - [n,0] [32]

An equation for dp/dt may be obtained from l321 if we employ Il3j

[15] [16] [17] and [20] :
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@p [ 1 3 K, kokg |
— |- — kgt — ———— s 2k, 2 — |R «
dt 2 2 klsN kg* k7M
l"
! ksM -
1 3 k, 1 ;
- =k = ——— | M-~ K4M [HNO [33]
2 2 kg N 2 ’
! .
ksM

d |HoN| ¢ |N20]
where the difference 2 - has been neglected because
dt dt
each of these two rates I8 small if compared with the other ones in [33] ,
and their cdifference is still smaller.
Eliminating R and |HNO| from {30] [31] and [33] we obtain the fo1-
lowing:

dp 3 1
— kM| —n, - —|-ky MND, g ¢ [34’]
dt 2 2
3 1 Kk,
-n, ~-+2(" mp) —
Z 2 k‘{
1y ng) kKM (1 2nyq0 ) kg MN N
G

1 -n,+ my (1 ~-n,) —
k,
where:
-1 -1
kig N ks N
n, = {1y —]; n, = f1° ;
koM k3 M
8k k;; N l kM \!
Tynvo = (1 ° 1+ '
k (2 M lnn =) 1 +
l)
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The parameters involved in equation |34] may be numerically reduced
to seven which, if conveniently selected, are:

2
ki /Ky, k. /kg, Ko/l R /Ry, kyp/kiet, kyand kyy .

The trial and error method has been repeatedly applied to equation
[34] in order to find the more suitable values of the parameters which
permit this equation to fit with the experimental results obtained in
this research.

Values obtained for 559, 530, 520 and 513°C are in table VII. The
corresponding curves of the (dp/dt), versus (N/M), values have been
calculated for the four temperatures employing the parameters obtained,
and are plotted in fig. 24. It may be observed that the adjustment of
these theoretical curves to the experimental points in fig. 24 is very
acceptable indeed for all the temperatures concerned.

TABLE VII

Tempe o K;n k4 kyy
rature | k;5 /k;| — ; kg /Ky k; /kg k kg
oc kﬁ k](‘

559 500 2 0.25 | 0.35 0.0C111 ] 0.0185 0.00073
530 500 3 0.75 | 0.355 | 0.0028 0.0030 0.00034
520 | 1000 5 1.25 | 0.30 0.00333 | 0.0016 0.00039
513 | 1000 5 1.25 | 0.22 0.00148 | 0.00043 | 0.00037

459 1 0.0025 | (0.00006) -

Notes: The values for 459 °C have been calculated from the data
obtained for the uninhibited methylal decomposition.
Monomolecular rate constants are in min-!, bimole-
cular rate constants in mm-~! min’! .,

It is worth remarking that there is no relation whatsoever between
the number of significant figures of the parameter values in table VII
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and the accuracy of these values as obtained by the trial and error method,
The parameters shown in table VII are only the actual values used in the
evaluation of the theoretical pressure increase rate-relative amount of
nitric oxide curves plotted in fig. 24.

The seven parameters involved in equation [34‘ may scem {oo large a
number to allow for an accurate determination of their values by the
trial and error method. In fact, the error made in the calculation varies
largely from one parameter to another and for most of them we can only
obtain the order of magnitude.

The order of magnitude of k4 /ky, a raramecter which exerts a consi-
derablc influence on the shape of the curve, is well established, the re-
lative error of the values being about 30 %. Moreover the orders of
magnitude of the k ; and k,/k, parameters, whose influence lies in the
fact that their values are critical in determining the slope of the curve
for great N/M values, arec obtained without any great error.

On the other hand, the values obtained for k, are less accurate than

Pressure increase rate, mm/min,

§ 1
()
4 1- o)
O O
0 ] 1
0 100 200

Methylal pressure,mm

Flg. 25. 520 °C. Experimental

points, thcoretical curves.Curve

I1-1/30;11-1/10; 111 - 1/2 nitric
oxide to mecthylal ratio
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the preceeding ones. It is only possible to know that ks /k;is much
greater than k,, /k and that it is likely to decrease with increasing
temperature. It is even doubtful that the orders of magnitude of k, /k,
and k k- /k,,° arec those of the values shown in table ViI,owing to the
minor mmportance of these parameters in the adjustment of the curves,

However, the parameters obtained are valuable if considered in their
totality because they allow us to obtain a very acceptable adjusiment to
experimental results for the four temperatures studied. The adjustment
has been proved satisfactory both for the low and high values of the nitric
oxide to methylal ratios considered, notwithstanding the peculiar shape
of the experimental curves.

Equation [34' may be applied to study the variation of (dp/dt), for
different values of the methylal initial pressure while keeping constant
the (N/M), ratio. The latter condition would mean thatn, ,» n, and ny
were also constant in equation |34},

By making use of the parameters at 520°C in table VII, the theoretical
curves for three values of (N/M), = 1/30, 1/10, 1/2,have been calculated
and plotted in fig. 25. It is worth remarking that the agreement obtained
between the theoretical curves and the experimental points is attained
by making use of the same parameter values deduced {rom the experi-
ments made for M, = constant which were plotted in fig. 24.

1Y¥.2.5. The activation energies and the frequency factors of the elementary steps

Tae seven paramecters involved in equation i34] are rate constants or
rate constant ratios which allow us to check their values for the {our
temperatures by means of Arrhenius plots (fig. 26). For comparative
and checking purposes the k. /k;, k-/kq and k,; values at 459°C, deduced
from the results obtained for the methylal uninhibited decomposition (5)
have also been plotted in the same figure.

The k, value at 459 °C is only a rough approximation obtained as fol-
lows. From equations IS l and 6I in the 2nd Annual Report, the following
expression may be obtained:

2
R klk.q - ksklﬁH

M kek,, H

which, together withl 32] in the same Report, gives:
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k \'4

13 Hy

kiks | 2

kl >

From the data it is not possible to calculate with accuracy the lower

limit of k| owing to the errors involved inthe calculation of k 5 /kikg,
but the order of magnitude of this limit is about 106 seg™! .

-_—_a___.c.——- k\5/ k 3

+2

0,. 0"5“‘4

Parameters logaritms

1 1 L 1.
00012C 0.00125 0.00130 0.00135
/7

Fig. 26.

From the Arrhenius plots in fig. 26, reasonable values of the corres-
ponding activation energies and frequency factors may be calculated
(table VIII).
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TABLE VIII

(Activation energles are In Kcai/mol)

E, Eu E-E4 E7-Eq Eis-Eg | E;5 -E,
70 30 -10 0 -18 -20
Ay A Aqs/Ay
A A4 A /A | As/As
(seg "' }| (c.c.mol”! seg -1 ) (c.c.mol"!)
101 1o 10 1.2x10° | 4x10°% | 3x 107

According to data appearing in the literature (22) (23) (24), Ejp~ 0, A,
being of the order of 10! c.c. mol"! seg’' and taking into account the
data obtained by us, a value of A = 2 x 10" c.c. mol"! seg -l follows,
which is in the range of the more usual values for a bimolecular fre-
quency factor.

1V.2.6. The formation of hydrogen cyanide

From [10 bis] and {21]:

By

d[HCN] K, // 8k,s kjg N JHCOOCH, /dt
1 -

- 1l [35]

Quantitative analyses have been made of the hydrogen cyanide and
methyl formate formed at 520°C from mixtures of 150 mm initial methyl-
al pressure with variable amounts of initial nitric oxide. Samples have
been taken at 8' and 15' reaction time (table IX).

It is unfortunate that the experimental data are not accurate enough to
undertake the measurements of the hydrogen cyanide and methyl formate
rates and that only the partial pressures of these compounds at some
fixed reaction times can be mcasured- Conscquently, the validity of

dt 41(1() 1<202 kSM u k]RN
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TABLE IX

520°C. Initlal methylal pressure 150 mm
(pressures in mm)

' 8 minutes i5 minutes
Nitric oxlide it peniaE
initial pressure | Hydrogen Methyl | Hydrogen Methyl
| cyanlde | formate cyanlde formate
f—— -
|
10 0.3 12 - =
50 0.5 13 1 16 |
100 [ 0.9 15 1.4 20 Ji
N E——— - - it -

equation 35]can not be experimentally checked. However, the above
results together with those presented in table VII are not in coutradiction
| 2
k50
with equation [35] provided the ratio amounts to only a few mm
ko

per minute.
It is worth remarking that the results in takle IX justity that tae teim

d |HCN]
2 be neglected in equation i33‘ as was done before, because
dt
its value amounts only to about 5 % of the total (dp/dt), value. Moreover,
d |HCN| 4N, 0]
the absolute value of the neglacted complete expressic’m 2 - —— ‘
dt dt

is smaller because the N,O partial pressures found by analysis are still

lower.
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YIi. APPENDIX

A. Implications of the results for possible future work

Acetals are important because they can be used to make fuel mixtures
and because they increase the octane number of ordinary gasolines. The
study of their thermal decomposition was undertaken with the ideca that
it would be followed by that of their oxidation. There is no doubt that
research on these combustion processes would cast a great deal of light
on the behaviour of acetals in fuels.

But there is also another interesting possibility for future work that
has become increasingly important in the coursec of the progress of the
work already carried out. The points of view of the inhibition of the ther-
mal decomposition of organic compounds seem to justify a revision if
the results obtained with the inhibitors used in this rescarch, especially
with nitric oxide, ar«< taken into account.

B. Scientific personnel employed during the reporting period

Dr. M. J. Molera, Prof. J.Morcillo, Dr. J.Orza, Mr. L. Arevalo
and Mr. E.Gomez-Olea. Also Prof. J. Fernandez-Biarge, a mathema-
tician, has given us much help in the theoretical part of this research.

C. Manhours expended on the contract

Dr. M. J. Molera, one year work, at 90 hours per month

Prof. J. Morcillo, one year work, at 45 hours per montn

Dr. J. Orza, one year work, at 180 hours per month

Mr. L. Arevalo, cight months work, at 180 hours per month

Mr. E. G(’)mez-Olea, four months work, at 180 hours per month.

From the above relation, and taking into account vacations and official
holidays, we arrive at an estimated number of about 5500 manhours.
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D. Materials expended in carrying out the contract

About $ 150 in chemicals and other expendable supplies.

E. Apparatus

No important property has been acquired during the reporting period
at direct contract expense.

L




