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THE THERMAL DECOMPOSITION OF AZODICARBONAMIDE

SUMMARY

Azodicarbonamide (A.C.)}, commercially known as Genitron A.C.,
is an industrial blowing agent for cellular plastics. The
present work, presented in two parts, reveals two sSeparate aspects

of the thermal decomposition of A.C.

PART I

AZODICARBONAMIDE ON ITS OWN

In this part of the investigation an attempt has been made to
obtain detailed information regarding the mechanism of the decom-

position of A.C.

A.C. on thermal decomposition forms fouI.' major solid com-pon-
ents, namely, urea, urazole, biurea. and cyanuric acid. '.A me thod
for the quantitative analysis of these components haé_ been deviSéd
and the variation in the percentage of these. components as a

function of time at two temperatures has been studied.

The gaseous components other than nitrogen have been identi~
fied by :infr_a;-fed spectroscopy. They are found to contain carbon
monoxi&e and iso-cyanic acid at 171.5°C and carbon monoxide -and
amﬁlonia; at-191.5°C. Poéitive evidence for the presence of isSo-
cyanic acid has been obtained for thé first time. The iso~cyanic .
a(‘;id polymerises slowly to cyanuric acid and cyamelide which makés.

the ahalysis extremely difficult. A special apparatus ‘has been

~ (iv)



designed for the quantitative analysis of all the gaseous

components present.

On the basis of the analytical data obtained, a mechanism for
the decomposition of pure A.C. has been proposed. The experimene
tal data are in good agreement with the theoretically calculated

“data.

The iso-cyanic vapour has been found to react readily with |
water vapour and ammonia. An attempt to prevent the formation of
cyanuric écid, originating from isoncyanic.acid, has been made by
heating A.C. in the presence of ammonium benzoate, ammonium
sulphate, ammonium chloride and hydrated aluminium ammonium
sulphate, None of these raterials are found to succeed in

preventing the formation of'cyanuric acid at 171.5%C,

PART TIT

AZODICARBONAMIDE AND ACTIVATORS

The decomposition temperature of A.C. is greatij influenced
by different additives known as factivators! or tkickers!. 1In
this part of the investigation, an atteﬁpt has been made to leamm
the role these additives play in the catalytic decomposition of

AC.

The kinetics of the decomposiyion of A.C» and zinc oxide
mixtures have been folloﬁed isothenhally by measuring the pressure
of the gas evolved as a function of time, The decomposition
reaction takes place in two steps, unlike that of A.C., which is

one step reaction under the same conditions. A detailed

(v)



investigation has revealed that the first step is a surface
pgaction'and follows first order reaction kinetics. The activam

tion energy of the first step is lower than the second step.

The oxides of cadmium and lead behave Siﬁilarly to that of
zinc, whereaé magnesiun oxide has practiéally no catalytic
effect, With cadmium oxide, the second step becomes explosive
" at a lower temperature than with any of the other oxides investiw
g#ted, and this is.attributed to the rate of heat production and
Jocal temperature rise during the first step being greater with

this oxide than with any of the others.,

The effects of the stearates of cadmium, lead, barium and
zine, zinc octoate, and urea on the decomposition of A.C. have
been studied. A1l these materials react with A.C. in two steps,

in a manner similar to the metal oxides.,

(vi)
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CHAPTER 1

INTRODUCTION

Azodicarbonamide has been known since the end ofi the last
century, but its various indusfria.l applications have been recognized
only recently. It has several trade names dependént on the |
manufacturer., One of the most common is 'Genitron! A.C. It is
extensively used in industry ﬁs a blowing agent for expanding

plastics.

The practice of expanding plastics is over fifty years ol(_i.'
Plastics were originally expﬁnded by means of gas, a method which was
later replaced by adding inorganic salts which liberate gas on being
heated, such as ammoﬁium nitrite and metallic bicarbonates. ALl
these inorganic compounds had certain limitations and so attention
was turmed to organic compounds which evolve gases on thermai decome
position. Reed has mentioned the properties of an ideal blowing
agent. ° Azodicarbonamide (A.C.), although not possessing all these

properties, satisfies most of the requirements,

To begin with, it 1iberat;es mainly nitrogen which is an ideal
r_gaseous product because it is inert, non-toxic and non~inflammable,
and in .ad,dition has a low permeability in most resins., The
greéter the permeability, the more gas is required for equal foamingz._
Carbon dioxicie is not suitable because of its relatively high perme-
ability‘in most plastic foams. Thus, nitrogen releasing organic
compounds of which A.C., is a good example, dominate the chemical foam-

ing agent field.



Secondly, in contrast to most organic bloﬁing agents which
ignite and decompose when touched with a flame, A.C. is self
extinguishing apd therefore presents little or no storage hazard.
finally, although insoluble in mosSt common solvents, because of
fine particle size, A.C., is readily dispersed in resin and plastic
mixes, Thus A.C. poséesses most of the properties desired of a
good bloying agent,

The thermal decomposition of A.C. has been widely reported in

the literatureS"S.

The work has mostly been carried out under the
industrial conditions of blowing plastics and very little information
is available regarding the mechanism and kinetics of the thermal

decomposition of the pure material.

6

It has been foundl’ that the composition of the gaseous pro-
ducts from pure A.C. varies with both temperature and the conditions
under which the decomposition is carried out, but the reason for

this behaviour is not known.

On decomposition, A.C. forms some white solid material along
with the.gases, a portion of which is in the form of a sublimate.
In the previous investigationsl’6 some of the products were identified
but the complexity of analysis did not allow the mechanism to be
.established. |

The utility of A.C. is lﬁﬁited by its high decompééition
temperature, It has a decomposition temperature of about 235-24000,
vhen in the pure state. It has been found in recent yéars that
its décomposition temperature can be altered by different activators.

This technique provides a wide range of working temperatures for A.C



covering many of the temperatures at which different types of
plastics'heed to be blown. The most important activators are
fatty acid salts of Group II and Group IV elements. The metallic
oxides have also been used frequently as activators. Soﬁe
organic compounds such as urea, ethanolamine and glycols are also

considered as good activators,

The technique of décreasing the decomposition tem?erature.of
A.C. by different additives is widely used but it has remained
unknown why certain activators are more efficient than others.
To date, therc has been no systematic effort to discover the fole
Which the tkickers'! play and‘the factors responsible for decreasing

the decomposition temperature of A.C.
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PART 1

AZODICARBONAMIDE ON ITS OWN

CHAPTER 2

LITERATURE SURVEY AND THEORY

2.1. INTRODUCTION

Azodicarbonamide (A.C.) is prepared by oxidising
hydrazodicarbonamide (biurea). Biurea itself is prepared by

' 1
reacting urea with hydrazine” according to the following

equations i
2 HZN' CO. NHZ + NQHA > H2N° CO. NH. NH. CO, NHZ + 2 NH3
oxidation
\V4
HZN' CO. N:N. CO, NH2

The oxidation of biurea to A.C. has been carried out with
several oxidising agents under different conditions such as

potassium dichromate7, alkali metal chlorate58 and chlorineg.

Thé purificaéion of crude A.C. by crystallization has proved
very difficult due to two reasons. The firét is that A.C. is
 inso1ub1e in most of the common organic solyents and the second
that there is a possibility of hydrolysis occurring particularly

10

‘at high temperatures ., It is, however, slightly soluble in

7

hot water. Williams and co-workers’ and Bryden11 have succeeded
in crystallizing A.C. from hot water in small quantitieé, but it
seems unlikely that this methéd could be used for a large scale
purification. Swannlo has purified A.C. by dissolving it in

dimethylsulphoxide at room temperature and reprecipitating it

with cold water. He has pointed out that this method eliminates



the possibilities of fprercactiont.

_ Armanat?

has studied the physical properties of some azo-
compounds from a structural. point of view and has confimed the

following structure of A.C.

HZN(G:O)N:N(G:O)‘NHZ

A wide range of decomposition temperatures of pure A.C.
from 240°C to 180°C 1’1‘3, has been reported in the literaturc.
This variation in the decomposition temperature is most probably
due to variations in the degree of purity, and in the procedure
for determining the decomposition temperature. Lasman and
Bla.ckwoc-d.14 have reported that in addition the particle size is
an important factor in dztemmining the decomposition temperature
of A.C. |

7

Williams and co-workers’ have studied the heat of combustion

of several azo~bis formamides by bomb~calorimetry and they have
reported that the hecat of combustion of A.C. is ~254.83 x 0.25

k cal mol_l, and that of biurea is =273.87 + 0,14 k cal mol™t,

A.C. is a strong oxidising agent capable of liberating

15

iodine from potémssium jodide solution., Glicksman and Morehouse
have studied the electrochemica.l behaviour of A.C. and have
suggested that the reduction of A.C. takes place according to the
foliowing equation -

0 0

: " . il '
HZN—C—N=N-C-NH2+-2H20+2e
0 0

1] o -
—>H2N-C-NH-NH—C-NH + 2. OH

2



2.2,

The oxidising property of A.C. has been studied by other workersl6
and their findings suggest that the reduction of A.C. depends on
the reducing agent, the solvent and the temperature of the

reaction,

The ease of reduction of A,C. has also been observed in
industry. VWhen A.C, is used in flour maturing, biurea, a
reduction product of A.C., is reccovered quantitative1y17. The
thermal decomposition product also contains a significant quan-—
tity of biureaé. In this particular cése, since there is no |

reducing agent present, it is believed that amidic hydrogen must

be involved in the reduction process.,

THE MECHANISM OF THE DECOMPOSITION

The thermal decompésition of azo compounds has been widely

18’19. Most of the inveétigators

reported in the literature
agree that the decomposition takes place by the evolution of
nitrogen and the production of two free radicals and this is

the first and rate determining step

A-N=N-B —> A" +B"+N,

Good evidence for the production of two free radicals has
beeﬂ found in most casés. A careful study of the decomposition
of some azocompounds has shown that the rate of production of
scavengeable radicals is usually less than the rate of decome
18,19

position The discrepancy is attributed to the coupling

and disproportionation of geminate radical pairs, formed by the



-primary decomposition process, before they have been separated
by diffusion, This effect is known as the 'cage' effect since
the time of encounter is prolonged,.rélative to the gas phase,
through the geminate pair‘being surrounded by a 'cage'! of

solvent molecules.

It has been reported20 that the thermal decomposition of
A.C, in solution takes place in a manner similar to other az0—
compounds, i.e., with the formation of two free radicals and a

molecule of nitrogen.

The situation in the solid state is quite different frpm
that in solution., 1In this case there is no Solvgnﬁ present and
the evidence for the formation of free radicaels is difficult to
obtain., Thus these theorie§ cannot be applied dirzctly to solid

state decomposition reactions.

The thermal decomposition of A.C. in the solid phase was
first studied by Thiele?  He found that.the materiél‘when
heated at 180 - 200°C turned vwhite with the evolution of ;mmonia
gas; The vwhite residue was identified as cyanuric aci&.w His
investigation was brief so it was not possible to learn mﬁch about

the mechanism of the decomposition.

According to U,S. Rubber and other sources 22,23 the gaseous
product in the decomposition of A.C. has the following composition

by weighti="

Nitrogen 62 %
Carbon monoxide 35%
Ammonia and Carbonic acid 3%

Owing to the lack of complete analytical data, it was not

possible to suggest the mechanism of the decomposition of A.C.



A complete analysis of the gaseous and solid products was

carried out by Reed§’23.

He found that when A.C. .was heated at
190°C in an open flask, the products and their proportions by

weight were as follows:=—

Urazole 39%
Biurea 2% -
. Cyanuric acid 26%
Cyamelide 1%
Caseous products 32%

Reedlalso repdrted that the proportions of the products varied
considerably according to the conditions of the decomposition,

For example, when the decomposition was carried out at the same

temperature wder liquid paraff:in, the products were as

follows te

Urazole 27%
Biurea 34%
Cyanuric acid LA
Gaseous products 34%

On the basis of these results, Reedé suggested that the

primary decomposition of A.C. follows two routes:-

0
i I
(1) HN - C =~ N:iN=C =N

0 O

) i il "
(2} 2 H,N = C = N:N = C = NH, —> H,N.C.NH.NH.C.NH

The fonmgtion of biurea was explained by reaction (2).

2

0
1
—3 N, + €O +[H2N.C.NH

V.. \[
HNCO + NH3]

0 0

2

”

2

+ 2 HNCO



Thiele and Stangez4 have studied the thermal decomposition
of biurea. They reported that urazole was formed by heating
" biurea at 180°C or above, according to the following reaction:—
0 0 H -

hH
HZN. C. NH-NH. Co NH2 _""">

This reaction also takes place at lower temperature in the
presence of hfdrochloric acid gas. Reed!s experimental condi-
tions were suitable for this reaction to take place, so he
suggested that urazole was formed in this manner, If this is
the mechanism for the formation of urazole, it is difficult to
explain the absence of abouthé.é% of ammonia which is the amount
expected to be produced during the formation of 39% urazole.
Reed did not report the presence of ammonia gas in the gaseous
components or postulate its consumption in Secondary reactions.

Swa.nn10 found the gaseous products to consist solely of

nitrogen and carbon monoxide, roughly in the ratio 3:1. He -
also found, however, that the ratio varied with the extent of
decomposition and temperature. There was no evidence that either .

carbon dioxide or ammonia were present in the gas evolved.

-Reed6 suggested that the formation of cyanuric acid and
cyamelide took place by polymerization of cyanic acid,
The polymerization of cyanic acid has been studied by Werner
25

~and Fearon®™. They have postulated that the acid in solution is

- an equilibrium mixture of keto and enol forms,



HO—Cz N — H=~N=(C=0
v— .

Enol ' _ Keto

A more recent study of the infra-red spectrum by Herzberg
and Re:i_d2J6 has confirmed that cyanic acid in the vapour phase
consists solely of H - N=¢C=0 (isocya.nic ;;.tcid) molecules.
The proportions of‘ cyanuric acid and cyamelide formed are a
function of the temperature with the foma.t:ion of cyanuric acid

25

being favoured at higher temperatures™.

Cyamelide is a white inert material, almost insoluble in
most of the common sSolvents. It is beldieved to have either of
the following two Structures se

f fl

~C=0«C=«0=-=C=0=C=

(1)
0
~
N =c¢” C = Ni
I l
o o
e
N
NH
(11)

Some of the authors believe that cyamelide is more likely to

have the structure (II)27.

Cyanuric acid is a colourless, crystalline solid, reacting
as a mono, di and tribasic acid. It has a cyclic structure

and is believed to be tautomeric2/,

10



~ G
A
0= C=0
‘\,¢/’
[
H
Keto

Reed's suggestion that cyamelide and cyanuric.acid are

formed by the polymerization of cyanic acid (or isocyanic acid)

seems very likely but there is no evidence that cyanic acid

(or isocyanic acid) is a primary product of the decomposition of

A.C.

Reed's6 analysis of the decomposition products accounts

for 100% of the material but the data have not been looked at

quantitatively.

present in the individual components of the product.

Table 2.1 shows the percentages of elements

The sum

of the percentages of each element is expected to be equal to _

that of the percentage present in pure A.C.

TABLE 2,1

Percentage of elements in different;products6

Percentage by weight

Component Carbon Hydrogen | Nitrogen Oxygen
Urazole 9.27 1,16 16,22 12,35
Biurea 0.41 0,10 0.95 0.54
cyaﬁuric acid 7426 0,60 8.7 9.67
Cyamelide 0.28 0.02 0.33 0;37
Nitrogén 20.80
Carbon monoxide 4.32 5476
Carbon dioxide 0.31 0.81

Total 21.85 1.88 46.77 29-56
Azodicarbonamide 20.68 3.44 48.28 1 27.60




If allowance is made for experimental error, the percentages of
carbon, nitrogen and oxygen in the products may be considered as
‘reasonable, but the pcrcénta,ge of hydrogen is significantly low.
This suggests that there is an unaccoﬁnted component with a high
hydrogen content, the other elements of which are difficult to

assess from the present set of data, .

Reed’ elsewhere reporfed that nitrogen and smmonia wWere
present in the gaseous products and oxamide wa,.s an additional
solid products. The production of oxamide could be accounted
for by the following reactions:—

HZN' CO, N:N, CO. NH, —— 2 HpoNe COs + N

2 2

ZHNUCOO _H

) N. CO. CO. NI,

2
_Oxamid(;

The formation of ammonia may be due to the decomposition of
biurea as described earlier, But the quantity of ammonia
produced would be expected 'to be far more than the value
obtained. Ammonia reacts easily with cyanic acid (or isocyanic 7
acid) to form urea and ammonium cyana,tezs. It is possible that-
a portion of the ammonia might have been used up in this process,

This argument suffers from the fact that no urea or ammonium

cyanate have been reported among the solid products.

12



2.3. THE KINETICS O THE DICOMPOSITION

a) . General Comment

Kinetic studies of chemical reactions in the homogencous
phase have shown that the reaction rate is directly proportional
to the concentration of the reactant molecules raised to a

power known as the 'reaction ordexrt. If the reaction rate —

D.,Q.
Ladte]

is directly proportional to ‘the reactant concentration C, then
the reaction is said to be first order, In a solid state

reaction the time behaviour is not controlled by molecularity or
chemistrj alone, but is controlléd also by the phjrsical properties

and geometry of the System28.

There are difficulties in defining the r:te constants for
the reactions of solids>’, Some of the complications involved
vhen the experimental rate constants of solid state reactions
are under consideration, have been sumarised by Top]_"i_nso. He
has poiﬁted out four complications normally observed in a solid
state reaction. The first three are due to the combination of
simple rate constants in which case the observed rate constant
may or may not obey the Arrhenius equation ‘e‘xa,ctly. The fourth
is due to a temperature-~dependent factor which may be attributed

- to some property of a solid phase in the system, e.g., the

permeability of a coherent layer of the product.,

There are two important factors responsible for the
reactivity of a solid. Firstly, the reactivity of a solid sub-
stance is often dependent on the history of the pé.rticular
sample, This contrasts with the behaviour of liquids and gases
si_nce it is onlf solid particles which retain the scars of

handling or preperation which in turn may influence their subse-

3



-ciuent reactivity. It is believed that the chemical changes of
solids may occur most readily in the most highly deformed or
defective regions of the lattice. Thus, the reactivity depends
‘on the total concentration of such sites. Secondly, the rate
at which a chemical pfocess involving a solid occurs is often
controlled by the surface area of that solid, since the reactions
are frequently initiated a,f surfaces and these are the regions
of contact between a pair of recactants. The reaction lkinetics
of a process may thus be influenced by the average crystallite

size and the particle size distribution about this value.

There are several different types of decomposition reaction
reported in the literature but much attention has been devoted
to kinetic studies of the reactions of following ;eneral type:i-

A (solid) ——-> B (solid) + € (gas)

The extent of the reaction, (f, is determined from the pressure

or volume of the gas evolved or the reactant weight loss.

The X --time relationship for a typical solid phase thermal

decomposition reaction is shown in FIGURE 2.1.

Section X is termed the induction period and is charac-
terised by a slow formation of the product, so slow in some
cases as to be scarcely measurable. For many sof_l.ids, there may
be a significant time ini:ewa.l between the time that the
reactant reached reaction temperature and the detection of
significant product fomation. During this interval tgerm!?
nuclei of the S0lid product are being established at a limited

nunber of points on the reactant surfaces.

14



FIGURE 2.1

TIME

Tt is usually not possible to determine the temperature
coefficie_nt of the product formation during the induction period,
but it is sometimes possibie to assign a duration to the induction
period and thus obtain an activation energy. However, this
activation energy has very little meaning because of the error

involved in an accurate analysis of Section Y.

Once nuclei have been established, there is a constant rate
of advance of the reaction interface through the solid for a
reaction at constant temperature. The growth of nuclei results
in an increase in the area of product nuclei-reactant surface |
contact, Thus, there is an increase in the rate of product

formation and the reaction is acceleratory (Section Y).

15



After a continued growth of nuclei a point is reached where
reaction interfaces from different nuclei begin to overlap and at
these junctions the reaction interface is eliminated. The over-
lap reduces the rate of interface expansion (and thus of product
formed) and the a.cceleration is decreased. _Subsequently, this
factor progressively increases in importance so that thereafter
the reaction becomes deceleratory (Section Z). When the point
has been reached where those i‘egions of the solid which comprised
the oriéinal surfaces of the reactant have been decomposed and
the solid products incorporated in growing nuclei, the existing 7
reaction interfaces may still continue growth tovards the centre,
unreacted, regions of the crystal, Turing this stage there is
‘a progre,ssive decrease in the interfacial area and the reaction
rate steadily slows up until complete decomposition of the

reactant has occurred,

There are several mathematical equations available in the
literature for the treatment of the kinetic data of themmal
31

decomposition reactions of solids. Sharp “ has summarised nine
commonly used equations corresponding to different types of solid
state reactions. He has also published values of the reduced

time t/toAS (vhere t = time at O = 0,5) and of the fimction

045
F((r), vhich depends on the mechanism controlling the reaction,
and on the size and shape of the reacting particles, as a function
of  for each equation. It will be noticed later that certain
limitations do not permit the mechanism of the themal decom—
pos:.tlon of A.C.s to be studied by these methods so these theories

"

- are not discussed in detail,

16



b) The Decomposition of Azodicarbonamide

An attempt was made by Swannlo to study the kinetics of
the thermal decomposition of A.C. by thermogravimetric analysis

and by measurement of the gas evolved.

(i) Thermogravimetric Method

The isothermal decomposition curve obtained by this method
exhibited three sections., TInitially, a slowly increasing rate
was observed which was followed by a constant rate of decom~
position producing a long linear portion in the thermogram.

The measurable reaction ended quite sharply but the weight cone
tinued to decrease slowly and a constant value was never

obtained,

For the linear portion of the curve, vwhere the rate of
decomposition was constant, the rate of the reaction was inde-
pendent of the extent of decomposition, suggesting, therefore,

zero order kinetics,

The rate constants at different temperatures were obtained
from the slope of the linear portion of the curve and the
activation energy was determined by an Arrhenius plot. It was

found to be 54.4 kcal mol~l.

" It was observed that the sample size had no effect on the

activation energy or on the order of the reaction.
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(ii) Gas Analysis Method

*An accurate determination of the gaseous volume revealed
some interesting features of the reaction du:f‘ing its early
stages. Thé rate of reaction initially increased rapidly.
This was followed by a portion in which the rate was consider- -
ably depressed. After a short time, the rate gradually
increased to its maximum value., This phenomenon was not

possible to observe during the runs at high temperatures,

The isothermal gas evolution curves were very similar in
shape to those obtained from the thermogravimetric analysis.
The feature observed during the early stages of decomposition
in an accurate gaseous volume analysis was not noticed in the
general volume~time plot, suggestjn.;.; that the initial decom=
position was extremely small in comnarison with the overall
reaction, The final Yolume of the gas did not reach a cone
stant value even after a long time. The activation energy was
calculated in the same way as in the case of the thermogravi-
metric analysis method, and it was found to be 50.7 keal mol-l.
The values of the activation energy obtained by the two methods

were in good agreement,

Owing to the difficulty in obtaﬁ.ning the value of Vo
(the volume at the end of the decomposition reaction), an
accurate determination of the extent of the reaction, ¢ , was
not possible, Sm.fan:n10 calculated O by considering an lapproxi—
mate value of Voo, when the increase in volume was found to be
very small, and made an attempt to use some known equations for

solid state decomposition reactions to study the mechanism,



A generalised kinetic equation based on the nucleation
process was derived by Avrand.32 and Erofeev33. They made the
‘following a.,ss:ﬁriptions in deriving the equation associated with
their names :.

i} That the rate is proportional to the area of the

" reactant/product interface.

ii) That the nucleation is dependent on defects of some kind
and that the concentration of defects may be constant or

may increase with time,

* Avrami = Erofefev equation may be written in the form
Kkt
= 1-~c¢ (1)

Where rzpresenfs the fraction of the decomposition af
time t and k is a constant. The value of n indiéa.tes the sum
of two factors Band A, where {3 represents the nucleation
stage and ) the dimension of growth of the nuclei, For
example, the thefn'xa.l decomposition of large single crystals of
ammonium perchlorate follows Avrami ~ Erofelev equation with
n = 4 during the early stages of decomposition { (X <0.2)34.
Thus, the reaction may be regarded as single-stage nucleation
(B=1) ﬁm three dimensional growth ( A\ = 3). After com-
pletion of the initial reaction when the nuclei overlap (0.2
<& <0.9) the reaction follows the equation with n = 3. It
is believed that complete decompogition of ‘the original crystai

surface precludes further nucleation (thus 3= 0) and the solid

is decoﬁposed by the three~dimensional growth of existing nuclei.
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Taking logarithms of the expression (1)

= logjy (1 =) = 3353
and again

' . k
1og10[- logk§1 - )]- log, 3303 T8 log, ot

Thus, a plot of loglo‘[- 1og10(1 - Cx)']' versus‘loglot

should be linear with its slope equal to n.

Swann10 used the data obtained from the decomposition of
A.C. and found that a plot of 1og10 [- log10(1 - )]versus
loélot gave a good straight line, The value of n outained

from the slope was very close to 2.

Table 2.2 shovs the variation of n with temperatufe
obtained by this method. .
 TABLE 2.2

Variation of '™n! in Avrami — Erofetev equation with

temperature 10

Temperature °C n
171.0 2,1
176.0 1.9
176.5 1.6
180.0 © 22
183.0 2,0

Although there is an appreciable divergence in the values
of ™n?', there is no sign that n is temperature dependent., It
~ has a value 2, which indicates that the nuclei are flat.,

The crystal structure of A.C. has been studied by Brydenll.
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He has found that the crystals obtained by crystallizing A.C.
with water are monoclinic with elongation in the direction of
the a axis. Each molecule of A.C, is hydrogen bonded to four
surrounding molecules in the same plane, thus forming sheets
vhich are nearly parallel to the (101) plane. The forces
holding these¢ sheets together are of the Van der_Waal's type.
Because the molecules form.sheets, the two dimensional growth
of nuclei is more than likely and fits in with the findings of

the kinetic studiecs.
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CHAPTER 3

EXPERTMENTAL

3.1, THE PURIFICATION OF AZODICARBONAMIDE

The purification of azodicarbonamide tA.C.)lBy crystallization was
found to be difficult because of the low solubility of AC. in common
" organic solvents, Mixtures of dimethylsulphoxide with organic solvents
such as acetone, methanol and tetrahydrofuran in different proportions
were first tried but no crystalline material was obtained., A mixture
of diéxane and water in different proportions prbduced the same result.
Crystalline material,was obtained in small quantity from a single
solvent system, such as hot water or pyridine, after long standing, but
it was found impossible to use these solvents for large Scale purifica~

tion owing to the very limited extent to which A.C. dissolved in them,

The material used in the present investigation was purified with

the method used by Swannlo.

Procedure :~

The commercial material, Genitron A.C., was dissolved in dimethyl-
sulpﬁoxide at room temperature. The saturated solution was filtered
and distilled water was added slowly to the gfirred solution at room
temperatu}e wtil fine crystals of A.C. were obtained., The crystals
were filtered at the pump, washed with distilled water, then with
alcohol and finally with etherf The recrystallization was carried out
three times using this method, The material was finally dried in vacuo

and stored in a dark coloured boﬁtle.
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3.2. THE DECOMPOSITION OF AZODICARBONAMIDE

During preliminary investigation and.for the analysis of solid
prodﬁcts the decorposition was carried out in an apparatus similar tb
the one shown in FIGURE 3.1, - The apparatus consisted of two 50 ml
boiiing tubes comnected together with a groﬁnd glass quick-fit joint;
The top tube had a stopcock near the sealed end, which was used for

evacuating the apparatus before decompesiticn was carried out.

In order to permit the analysis of both gaseous and solid products
the decomposition tube was slightly modified (see FIGURE 3.1). The
lower tube was extended making it now 11 inches in length. During the
decomposition, the joint between the two tubes was sealed with picein
wax and a spiral water condenser was fitted round the upper part of the
lower tube, This was designed to condense the sublimate at fhis point

_and to prevent it from undergoing further decomposition.at the time of

warming the picein wax to disconmect the two tubes.

To allow a series-of decompositions to be carried out at one time,
a large f30 cm x 28 cm working space) oil bath was used. Before
carrying out fhe decomposition, the temperature variation at different
positions and depths of the bath was checked. The maximum variation

was found to be ¥ 0.2°G.

Procedure

A known weight of A.C. was weighed in a 50 ml quick-fit boiling
tube and covered with a tube of the same size as shown in FICURE 3.1.
The tube was evacuated to 1 mm mercury pressure (or to less than 0.1 mm

vhere stated) and immersed in the fhermostatically controlled oil bath.
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A constant sample weight of 232 mg was used when only the solid
products were to be analysed, with the exception of the wet sample
vhen the weight of A.C. used was 116 mg, It was no longer possible
to keep the sample size exactly constant when the modified apparatus
with a longer tube was in use., In this case, the weight of the sample

varied within i 5 mg of 232 mg.

3.3. ANALYSIS OF THE SOLID PRODUCTS

a) QUALITATIVE EXAMINATION

The decomposition products in the solid phase were obiained in the
form of a sublimate and a residue. Both were white in colour with
practically no smell, Previous ﬁdrkersl’6 reported that the composition
of the solid products varied with the experimental conditions éo it was
thought essential to find out the number of components formed when AJC,
decomposed under the presenf experimental conditions. Chromatographic
techniques are very common ways of obtaining this type of information
and the gas liquid chromatographic (G.L.C.) teéhnique is particularlyh
advantagéous because it can be used both for qualitative and quantitativé
analysis. But owing to the non-volatile nature of the products fhis
method was considered unsuitable. The possibility of using G.L.C, after
preparing volatile derivatives of the éfoducté was ruled out because of
the lack ;f information regarding the chemical nature of the components.
The products were found to be soluble in warm water and, although the
solubility was not very great, only a - trace of the white material
remained insoluble. Thus, it was decided to use thinwlayer chromato-
graphy (T.L.C.) to obtain the information regarding the cdﬁponents in the

water soluble portion of the solid products,
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After obtaining the information from T.L.C., an attempt was made
to confirm the identities of the components by infra-red spectroscopy and

by mass spectrometry.

THIN-LAYTR CHROMATOGRAPHY

A preliminary investigation was carried out with Silicagel GF,,54
(Merck) as a stationary phase. After discovering a suitable solvent
system good resolution of the components was obtained and therefore the

same adsorbent was used throughout the investigation.

It was found almost impossible to detect all the spots on the T.L.C.
plate with a single reagent, so different reagents were used for

developing each component,

Procedure

i) Preparation of the Thin-layer Plates

The thin-layer plates of thickness 0.25 mm were prepared by

35, using Silicagel GF254 (Merck) as adsorbent in an

standard procedure
aqueous suspension. The plates were activated at 110°C for one hour
and preserved in a cabinet over dry silicagel.

~

ii) The ‘Solvent System

The solvent used for the separation was a mixture of dioxane,
benzene and acetic acid in the volume ratio 80:20:2, Urea, urazole

and cyanuric acid all moved in this solvent, but biurea did not.
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iii) The Detection of the Components

Urazole:-  The plate on drying was exposed to iodine vapour for

two minutes, Urazole appeared as a yellow spot.

36

A more specific reagent for urazole was also available””,
This reagent was prépéred by adding 2 mllof 5% aqueous sodium
nitroprusside solution to 1 ml of 10% aqueous sodium'hydroxide
solution and 5 ml of 3% pérhydrbl (hydrogen peroxide) solution, and
finally diluting to 15 ml with water. The reagent was freshly |
prepared each time before ﬁse. It was fairly sensitive, with

~urazole appearing as a blue spot.

Cyanuric acid:- The plate used to detect urazole by exposure to

‘iodine vapour, after marking the urazole spot with a pencil, was
left in an oven at 100°C for five minutes to, remove the absorbed
iodine.
The plate was then sPréyed.with the following reagents:=
Spray solution Ii= 0.25 g of mercuric acetate was dissolved in
100 m) of 96% (by volume) ethanol and a few

drops of acetic acid added.
Spray solution IIs= 0.0S‘g of diphenyl carbazide was dissolved
in 100 ml of 06% (by volume) ethanol.

Solution I was sprayed first, Then solution II was sprayed until
the plate became wniformly faint violet. The plate was heated in an
oven at 120°C for a few minutes, The cyanuric acid appeared as a

light violet spot.

Biurea could also be detected by the same procedure and reagents



but the sensitivity was poor.

ygggi- 2 g of n-dimethylaminobenzaldehyde was dissolved iﬁ 50 ml of
96% (by volume) ethanol, and 10 ml of concentrated h&drochloric acid
added, The solution was diluted to 100 ml with 96% ethanol. On
spraying with this reagent, urea appeared as a yellow spot at roém

temperature.,

Biuret could also be developed with. this reagent by heating at
110%C for 2 - 3 minutes. '
Biurea:= After removal of the solvents from the plate, the latter
was sprayed wmiformly with concentrated nitric acid and then heated
in an oven at 120°¢ for 15 minutes. Biurea appeared as a yellow

spot which was more distinct under ultraviolet irradiation.

iv) Application of the Products on to the Plates

The solid products ?n the decomposition tube were dissolved in a
minimum‘quantity of warm water and spotted on to the plates. Pure
samples of possible products were spotted on to. the same plate for
reference and the R¢ values (i.e., the distance travelled by eaéh.5pot
with reSpéct to the solvent front) coﬁpared.  To permit the detection
ofrall the components by spraying with different reagents, three plates

were rm for each set of products.
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INFRA-RED SPECTROSCOPY

From the thin-layer chromatographic.technique it was found that the
major components in the water soluble portion of the sublimate were
cyanuric acid and urea, and those in the residue were biurea, urazole
and cyanuric acid. Infra-red spectroscopy was used to obtainAfurther
evidence regarding the presence of these components in the solid

products.

An attempt was made to separate individual components of the
sublimate but only urea was separated successfully. This was carried
out by extracting the mixture with hot acetone, Urea being slightly
soluble in acetone and cyanuric acid almost insoluble, the extract on
goncentration gave urea in a fairly pure state. It was still fur;her
purified by recrystallization., The infra~red spectrum of the isolated

sample was compared with the spectrum of an authentic sample of urea.

The acetone insoluble portion of the sublimate contained cyanuric
acid, traces of wrea and most probably some cyamelide, The spectrum
of this mixture was taken and an attempt was made to identify all the

major absorption peaks.

The residue which contained urazole, biurea and cyanuric acid was
completely soluble in hot water. An attempt to isolate urazole in the
pure state by fractional crystallization with ﬁater was wmsuccessful,
Thﬁs, it was decided to compare the spectrum of the residue with a
synthetic mixture of authentic samples of cyanuric acid, urazole and
biurea.

A1l the spectra were recorded on an Unicam SP.200 G, Infra-red

Speétrophotometer, using the KBr disc technique37.
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b)

MASS SPECTROMETRY

' This technique was used to obtain further information regarding
the components of the solid products. As mentioned earlier, it was
not possible to isolate the components in a pure state, except in the
case of urea, Mass spectra of mixtures were therefore obtained, both
in the case of the sublimate and of the residues Most of the components
were identified by the molecular ion peaks and bf comparison with the

mass spectra of authentic samples.

QUANTITATIVE DETERMINATION OF THE COMPONENTS

The quantitative analysis of the individual components of the
water soluble solid products was‘carried out by ultraviolet and
visible 5pectroScopy. The weight of the insoluble residue was also
determined. It was found exiremely difficult to Separate the sublimate
from the residue so all the soluble solid products were dissolved together

and the analysis was carried out on this solution.

i) ° The Analysis of Urazole and Cyanuric Acid

The method employed was very similar to that used by Finkelshtein,
Boitsov and Mushkin38 and Boitsov and F&nkelshteint in the determiﬁation

of biuret, cyanuric acid, melamine, ammeline and ammelide. The authorés’

39

suggest that by a suitable choice of the pH of the medium, it is
possible to select wave lengths at which a good difference in the molar
absorptién coefficients of the components exists. Thus, by measuring
the absorbances at different wave lengths and solving the simultaneous

equations, the amounts of the different components can be detemined.

The absorption bands of urazole and cyanuric acid were almost

superimposable in aquéous solutions. It was found that in 0.1 (N)
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borax solution (pH 9.25) the absorption of cyanuric acid at 216.5 mn'
was appreciably higher than that of urazole, while in 0.1 (N) hydro-
chloric acid (pH 1) the absorption of urazole at 220 nm was higher
tha,n.tha,t of cyanuric acid. TABLE 3.1 shows the molar absorption
coefficients of the water soluble solid products of A.C. in 0,1 (N)

borax and 0.! (N) hydrochloric acid.

TABLE 3.1

Molar absorption coefficients of the solid products of A.C.

Mediun
Hydrochloric acid Borax
Products 0.1 (N) 0.1 {N)
Wave length Wave length
220 nm © 216,.,5 nnm
Cyanuric acid 38,1 12350
Urazole 1332.5 . 4150
Biurea <8 _ <2
Urea, <5 <1

Although there was r;o absorption maximum in either case in the

wave length region 210-250 mm, it was possible to determine the two
| components in a mixture by measuring the absorptions at the two wave
lengths a.nd at the two pHs mentioned, and solving two simultaneous

equations,

The compositions of three synthetic mixtures of urazole and
cyanuric acid were determined to test the validity of the method.
TABLE 3.2 shows the expected and experimentally determined values of

the two components.
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TABLE 3.2

Expected and determmined values of urazole and

cyanuric acid in three synthetic mixtures

Urazole Cyanuric acid
MJJ};:):HI‘G Expected Found Expected Found
1 1.000 x 107 | 0,982 x 107 ¥ || 10.00 x 10™ 3 [10.00 x 1074
2 5,000 x 107 | 5,000 x 107 || 5.000 x 107 M [4.985 x 107
3 5,000 x 107 | 5,028 x 107 I 0.500 x 1074 ¥ |0.508 x 107

It is observed that the method results in a significant error in the
determination of cyanuric acid when a large excess (~ ten times) of
urazole is present. But this situation never occurred in the present

investigation.

ii) Determination of Urea

40

Ufea was determin_ed by a colorimetric method used by Brown’ . With
p—dimethyianﬁnobenza.ldehyde in the presence of hydrochloric acid urea
forms a.‘greenish yellow (;omplex which has a maximum a_bsorptién at 420 mm,.
Cline and Fink41 have studied the mechanism of this reaction and have
found that the complex is very stable at room temperature. They have
suggested that most of_the factors which slightly influence the inténsity
of the colour can be eliminated by keeping the reagent concentrations in

large excess of the amounts necessary for the formation of the éomplex.

It was found that urazole in quantity interfered very slightly in
this determination but the molar absorption coefficient of urazole is
very low and the quantity in which it is present in the product mixture

from A.C, decomposition is such as to make the interference negligible,
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(iii) Determination of Biurea

The colorimetric method used for the determination of biureca was
similar to that used by Ellis and Foma:ini42 for the determination of
biuret., Biﬁrea., with ‘the Fehling!s solution recommended in the latter
method, forms a compiex which has a maximum absorption at 410 mm. The
biuret complex has a maximum absorption at 555 nm and dges not absorb at
410 nm.

Urazole, howevery- also forms a complex whose absorption occurs at a
similar wavelength to that of the biurea complex and, although consider=
ably weaker, is nevertheless significant., Urazole was therefore deter-
mined first by the me:t:hod. described earlier and a correction applied to

allow for its presence in the determination of the biurea.

‘Procedure for the Quantitative Analysis of the Solid Products of A.C.

A known weight of A.C, was decompesed in an evacuated decomposiﬁon
tube as described in Section 3.2, The solid products in the decom=
position tube were extracted with wam water (below 50°C). The extract,
after being cooled to room teniperature, was filtered through a si_r.xtered
glass crucible (G.4) and washed several ‘times with distilled water. The
combined filtrate and washings were made up to 250 ml. The analyses of
urazole, cyanuric acid and biurea were.clarried out as described earlier,
For the urea analysis, the products were extfa.cted with a minimum quane
tity of \;ra.ter. Since urea is highly soluble in wa.ter, complete recovery
of urea was not difficult., After filtering and washing, the total

volume was made up to 50 m} in this case.

The amount of insoluble matter was determined only in those cases

when the A.C. was decomposed completely. The determination was carried
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out by measuring the difference in weight of the sintered glass crucible
before and after filtration. The crucible was heated in an oven at
110°C and cooled in a silica=gel desiccator. The exercise was repeated

to a constant weight each time.

3¢4. ANALYSIS OF THE GASEQUS PRODUCTS

a) IDENTIFICATION OF THE COMPONENTS

The information available from the §ublished papérsl’6 suggested
that the majér gaseous components in the decomposition products of A.C.
were nitrogen, carbon monoxide,.carbon dioxide and ammonia. Tﬁe
gquestion remained why ammonia and carbon dioxide were formed under
certain conditiors whereas nitrogen and carbon monoxide were thé sole \
products wmder other conditions. Swannlo, for éxample, never found any
gaseous product other than nitrogen and carbon monoxide when he analysed
the products of A.C. on decomposition over the témperature range 166.5 =
183,0°C.  Since there has never been any doubt of nitrogen being a
major component under all conditions, it was decided to obtain more

information regarding the gaseous products other than nitrogen, and for

this purpose an infra-red spectroscopic technique was used.

The infra-red spectra of the gaseous products of A.C. obtained at
different temperatures were recorded and compared with the spectra of
authentic samples of carbon monoxide, carbon dioxide and ammonia

recorded under the same conditions.

It was discovered that the gaseous products of A.C. at 171.5°C had

a condensable component which was neither ammonia nor carbon dioxide.

33



This component was identified as isowcyanic acid vapour by comparing
the spectrum with the spectrum of a prepafed sample of isowcyanic acid,

recorded uﬂder the same conditions, and with published data26.

The reactions of iso-cyanic acid with moisture and ammonia were
studied in the vapour phase with this technique to obtain some informa-

tion regarding the decomposition mechanism of A.C.

Procedure

Infra-red spectra of the gaseous products of A.C.

A.C. was decomposed in an evacuated (less than 0.1 mm of Hg) tube
as described earlier. The Jecomposition tube containing the gaseous
products was immerséd in liquid nitrogen and then rewarmed to 1room
temperature, The gaseous products were allowed to expand directly
into an evacuated infra-red gas cell with sodium chloride windows and a
10 cm path length. The Spectrum.was recorded aggiﬁst air as reference
on an Unicam SP.200 G Infra-red Spectrophotometer capable of recording

over the range 650 ~ 4000 —

Infra-red spectrum of iso~cyanic acid

Iso-cyanic acid waé prepared by thermal depolymerization of cyanuric
acid43.l A decompoSitioﬁ tube containing about one gram of pure cyanuric
acid was evacuated and then filled with a small pressure ( ~ 10 mm Hg)
of dry nitrogen gas. The cyanuric acid was heated with a bunsen burnér;
the top portion of the tube being cooled with a spiral condenser. . The
infra-red spectrumn of the vapour produced was recorded as described

earlier,

A similar experiment was carried out by using urea in place of

cyanuric acid and the spectrum was recorded.
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b)

Reaction of isow~cyanic acid with ammonia and moisture

A 250 ml flask was filled with ammonia gas and opened gently to an
infra~red cell containing a low pressure of iso-cyanic acid vapour.

The spectrum of the resultant vapour was recorded.

A 3 litre flask containing moist air at atmospheric pressure was
opened to a decomposition tube containing iso-cyanic acid. After
mixing had takcn place the vapour was cxpanded into an evacuated infra—

red cell and the spectrum was recorded.

QUANTITATIVE DETERMINATION OF THE GASEOUS PRODUCTS

Infra~red analysis showed that the gaseous products of A.C. 2t

'171.500 consisted of iso-cyanic acid and carbon monoxide in addition to

nitrogen. It was also found that ammonia was one of the components in

place of iso-cyanic acid when A.C. decomposed at 191,5°C. Thus a

method capable of analysing all the four components, namely, nitrogen,

carbon monoxide, ammonia and iso-cyanic acid was needed.

Difficulties were encountered in the analysis due to the presence
of iso=cyanic acid vapour. This material has a melting point of -86.8°¢C

and a boiling point of 4+23.5%C. It polymerises slowly in the vapour-—

| phase forming both cyamelide and cyanuric acid. The polymerization

appears to be a surface reaction, being very slow in a clean surface

but being catalysed by polymer deposited on the vessel Surface44. The

45

reaction is also promoted by metal surface526. Smith and Jonassen

found that at low pressures at 30°C the polymerization could be followed
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over a period of seven days. To remove the iso~cyanic acid from the
gascous mixture attempts werec made to proﬁote the polymerization by
alfering the temperature and exposing the vapour to metal surfaces.
But it was found almost impossible to remove the traces of iso-cyanic

acid vapour from the mixture by this method.

The method used in this investigation for the separation and

, qgﬁgrmination pf different gaseous components was based on their
volatilities and chemical reactivities. The condensable gas cyanuric
acid (or ammonia) was separated from the rest of the mixture by freezing
the mixture at liquid nitrogen temperature. The volume of the non-
condensable gas, i.e;, nitrogen and carbon monoxide; was measured. The
carbon monoxide was oxidised to carbon dioxide by passing.over hbt
cupric oxide and the carbon dioxide formed was separated by freezing.
The volume of nitrogen was measured and that of carbon monoxide calcu-
lated by differences The carbon monoxide volume-was further checked

by measuring the volume of carbon dioxide formed from it.

The condensable portion of the mixture, iso-cyanic acid, was
determined by titrating with dry ammonia gas in the vapour phase.
When ammonia was in the condensable portion, the volume was measured

directly after equilibrating at room temperature.

The Apparatus

A special apparatus was designed and built to cafry out the quan-
titative determinations of the gases. This is shown diagrammatically

_in FIGURE 3.2.
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It consists of two sets of glass bulbs, A and B, connected together
by thick-walled capillary tubing. The bottom bulb of each set is
cdﬁhected to a two~way tap, one end of which is attached to a vacuum
pump. The top two bulbs of set B have predetermined volumes and the
third has a built-in test-tube inside it.  The other end of the two-way
tap at the top of set B is connected to the potassium hydrpxide tube and
A.thrcupric oxide‘furnace. In Addition, there is provision.for intro=
ducing ammonia gas and attaching an infra-red gas cell between the

cupric oxide furmace and B.

A preliminary investigation into the efficiency of the cupric .
oxide in oxidising carbon mouoxide to carbon dioxide was carried out at
a temperature 285—2§0°C with a glass tube 10 cm in length and 1 cm in
diameter filled with cupric oxide (ﬁire—fonn, Fisons Scientific
Apparatus Ltd.). Owing to there being a small amount of carbon monoxide
in the presence of a large amount of nitrogen, a complete oxidation of
carbon monoxide into carbon dioxide became a tedious process. To over-
come this difficulty a longer tube (~— 40 cm) in the shape of a spiral

was used. This modified form was found to be very efficient,

The outlet from the cupric oxide tube and the reaction vessel con-
taining the gaseous mixture to be analysed are comnected to the other
side of A, Both these tubes have cold traps to freeze out the conden=-

sable gases,

‘The gaseous volume is determined in each case by measuring the
.pressure of the gas at constant volume with the help of the set of

bulbs B, behind which is attached a scale,

Procedure

Before carrying out the analysis, the apparatus was evacuated by
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opening the taps T2 to T10 to the vacuum line and maintaining the cupric
oxide furnace at 285-90°C overnight., The lower portion of the decom—
position tube described earlier and containing the gaseous products was
cooled with liguid nitrogen and then comnected to the vacuum frame with
a ground glass quick=fit joint. Apiezon~N grease was used at all the
joints and taps throughout the apparatus., Tap T1 was opened and the |
portion of the tube between thé' frame and the decomposition tube was
evacuated. The U=~tube was cooled with liquid nitrogen and the' taps T2 -

T were closed., The tap in the decomposition tube was slowly opened

10
and the gases were allowed to pass through the cold trap. The non-
condensable gases were transferred into A by lowering the mercury level and
‘opening the ta,pSTZ and T3. " The gases in A were then transferred into B
by raising the mercury level in A and opening the taps T 4 and T3' towards
B. This operation was repeated wntil a éomple'te transfer of none
céndensable gases from the decomposition tube to B was achieved. The
volume of the gé,s was measured by raising the mercury level in B to one

of the three marks, The highest mark, which still pemmitted the pressure

- to be measured on the scale, was the one normally used.

-The gaseous mixture in B was then passed over hot cupric oxide by
raising the mercury level in B. The carbon dioxide formed was conciensed
in the cold trap. The uncondensed gas (nitrogen) was transferred back in-
to B with the help of A and the volume was measured. The operatioﬁ was
repea.ted: until a constant pressure of nitrogen was observed which indi-
cated complete oxidation of carbon mé‘noxide to carbon dioxide. | The.
yolume of carbon dioxide formed was measured separately by transferring
it into B. The transfer of carbon dioxide was facilitated by filling
the built~in test-tube in B with liquid nitrogen. The carbon dioxide

‘was finally transferred into the infra-red cell through T,, and the

2
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3.5

(i)

spectrum was recorded to confirm its identity.

The condensable fraction of the gaseous preducts of A.C. obtained
at 171.5°C vas iso=cyanic acid. The titration of this vapour was
carried out in the vapour phase by introducing ammonia gas into B,
through Ty qe The volume of ammonia was measured and it was then
allowed to react with the iso-cyanic vapour in the decomposition ‘tube
at room temperature. ’I'h<; reaction takes place almost instantaneously
as indicated by the white fumes formed inside the decomposiﬁion tube.,
The tube was cooled to liquid nitrogen temperature and then rewarmed to
ensure the completeness of the reaction. = The volume of the unreacted

ammonia was measured at room temperature.

The gaseous products at 191.500 contained ammonia as a condensable
component. In this case, the volume of the condensable fraction was

measured directly without reacting with ammonia gas.

Each time a gas volume and pressure were recorded, rocm temperature

was noted with a thermometer kept close to B.

THE REACTION OF ISO-CYANTC ACID WITH A.C.

This reaction was attempted under— two conditionsi—

The iso=-cyanic acid vapour was produced by heating éyanuric acid in
a current of nitrogen gas. The vapour was collected in a tube as a
liquid at liquid nitrogen temperature. The tube was comnected to an

evacuated reaction vessel containing solid A.C. and fitted with a

‘heating and stirring device. The reaction vessel was maintained at

140°C and the iso~cyanic acid allowed to expand into it slowly. The
reaction was continued for eight hours. The gas in the vessel was
analysed by infra~red spectroscopy and the residue by thin-layer

chromatography. .
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(ii) The iso=cyanic acid vapour produced by method (i) was dissolved in
dry carbon tetrachloride. The suspension of A.C. in this solution was
heated at 80°C for eight hours with contimmous stirring. The residue

was analysed by the method mentioned earlier,

3.6, THE DECOMPOSITION OF A.C. TN THE PRESENCE OF AMMONIA AND AMMONTUM SALTS

(1). Decomposition in the presence of ammonia

For this exercise, the decomposition tube containing a known
weight of A.C. was evacuated and then dry ammonia gas was allowed to

enter wmntil a required pressure was observed.

The solid products were oxamined qualitatively by the thin=layer
chromatographic technique and the quantitative determinations of the

-components were carried out as described in Section 3.3.

The gaseous products were first examined by the infra-red spectro--
scopic technique and then quantitative analyses of nitrogen and carbon

monoxide were carried out.

(ii) Decomposition in the presence of ammonium salts

A.C. and the ammonium salts were weighed into a ball-mill mortar
and vibrated for two hours., The decomposition of the nixture was

carried out as described in Section 3.2.

The solid and the gaseous products were examined only qualitatively,

in this instance, by the method described earlier.
\
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CHAPTER 4.

RESULTS AND} DISCUSSION

4.1, THE TIDENTIFICATION OF THE SOLID PRODUCTS

FIGURE 4.1 shows the chromatographic scparation of the components
 in both sublimate and residue obtained on decomposing azodicarbonamide

(A.C.)s The Re values of the components are tabulated in TABLE 4.1,

TABLE 4.1
R, values of the solid products of A.C.

Components Rp value

Sublirate Residue
Cyanuric acid 0.2 0.72
Urazole - 0.47
Urea 0.30 -
Biurea - does not move

The identities of the components were confirmed by the characteris;
tic colours of the spots.developed with different reagents. The biurea
| spot has not apﬁeared in the photograpﬁ because it was only clearly
visible under ultra~violet irradiation. Thé Rf valueg compared well

with those of the authentic samples rum on the same plate,

This evidence indicates that the sublimate consists of urea and
cyanuric acid and the residue of urazole, cyanuric acid and biurea.

The infra~red spectrum of urea isolated from the sublimate compared

46,47

well with the published spectrum of urea and it was superimposable
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Major Infra~red Absorption bands of the Solid Products of A.C.

TABLE 4.2

Sublimate Residue
e [ mwewiyy [ | T Toemiy | e
758 w Cy 740 W ¢, Ur
780 W U 760 s Ur
785 W U 1000 m B
1060 1 c 1045 - 1055 m Ur, B
1170 W 1115 s B
1200 sh Cy 1245 W Ur
1410 s C 1410 - 1420 s c
1440 s Cy 1465 m C,Ur,B
1468 s U 1490 -~ 1510 m B,Ur
1629 5 U 1595 - 1605 s B
1660 - 1685 8,b U,Cy 1620 sh Ur
1710 S C 1670 s,b B
1800 n C 1680 = 1710 vS,b B, Ur
3210 ) : 1795 W Ur
3350 ; Syb U,C,Cy | 2780 W Ur
3440 ~ 3470 ) : 2900 W ¢
3020 = 3060 s,b Ur,G
3180 VS Ur,B
3270 m B
© 3370 vs B

Key:= W ~ weak, vw = very weak, m — medium,

v8 = very strong;

Ur = urazole,

sh ~ shoulder,

S - strong

C = cyanuric acid, Cy- cyamelide, U =~ urea,

B - biurea.
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on the spectrum obtained from an authentic sample.

Cyanuric acid, which is a major component of the sublimate, has
been found to associate with the alkali halides48 normally used in the
preparation of discs for recording infra-red spectra. This, together
with the presence of three materials, namely, urea, cyanuric acid and -
‘ éyamelide (a polymer of iso-cyanic acid, which will be discussed la.te.r)
in unknown proportions made it impossible in the infra-red spectrum of
the sublimate to obtain fine details of the absorptions due to the

individual components.

The major absorption frequencies observed in the spectrum are
shown in TABLE 4.2. In the region 3000 - 3500 cm"l, vhere N - H and
0 = H stretching frequencies normally appcar, the sublimate spectrum
has'a, stroné unresolved absorption showing, peaks at 3210, 3350 and
3440 - 60 en”l.  Cyamuric acid®®*%, in this region, absorbs at 3210
and 3060 cm"l, urea.47 at 3311 ~and 3413 cm-l,, and cyamelide at 3410 aild
3120 eom~l.  The peak at 3210 en~? is most likely due to cyanuric acid
- because of the latterts very strong absorption at this wavelength.
The carbonyl stretching frequency of cyanuric acid at 1800 cm""1 is
quite distinguishable from that of urea which appears at 1684 = 6 cm-l.
The cyanuric acid would be expected to have a very strong carbonyl
absorption at 1710 c:m'"1 but owing to a broad a,bsorpt_ion of cyamelide
at 1660 = 1720 cm"l the resolution is poor, The absorptions due to
the triazene ring of cyanuric acid appear at 1470 and 1050 - 65 cm"'1 s
but in the spectrum the former is difficult to identify due to overlap
with the C = N stretching frequency of urea at 1464 - 1468 cm_l. The
absor-ption at 1660 cm-l, however, is a definite indication of the
presence of this ring. The cyamelide band at 758 cm""1 has prevented

the resolution of a weak band of cyanuric acid at 765 cm-l,
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| The thin-layer chromatographic technique revealed that the
residue consisted of three major components, namely, urazole,
cyanuric acid and biurea. The infra~red spectra of the residue and
a mixture of authentic samples of these three components are shown in
FIGURES 4.2A and 4.2B. It is noticed that the intensities of the
-absorption peaks of the two spectra are not identical. This is due
to differences in the proportions of the components in the residue
and in the artificial mixture. But the wavelengths at which the peaks

appear in the two spectra are identical,

Owing to the lack of finer details,due to the same causes as in
the caée of the sublimate, the exact iﬁterpreta.’cion of the residue
sPéctmn is impossible. The major absorption peaks observed in the
spectrum and their mos- likely assignments are tabulated in TABLE 4.2.
It ig noticed that most of the strong absorptioﬁ peaks are due to
biurea which indicates that the residue has a large proportion of this
material. The other peaks due to urazole and cyanuric acid are weak
in comparison. The Strong but poorly resolved peaks in the region
3000 -~ 3500 cm""1 are attributed to the N =~ H stretching frequencies of
the threc materials. The biurea peaksl’ 52 . 3370 an~? is well defined
but that at 3180 = 90 c:m"'1 overlaps with the urazole peak which is

expected at 3195 cm"l. The cyanuric acid absorptions at 3210 em~! and

1

3060 cm~ are also not resolved.

Several absorptions are observed in the region 1300 ~ 1600 cm'-'l.

The absorption at 1465 cm'"1 is difficult to assign to any one particular

51 absorbs fa.ii‘ly strongly at 1460 cm"l, the

triazene ring of cyanuric acid appears at 1464 - 70 c:m'"1 and C = N

stretching frequency of biurea occurs at 1465 cm"l. The carbonyl

material because urazole
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TABLE 4.3

Mass Spectra Data of the Products and Authentic Samples

% Abhundance with respect to the highest peak
n/e " Products . Authentic samples
Sublimate | Residue Urea |Urazole | Biurea |Cyanuric ‘acid

1129 2847 11.3 , 38.1

118 1.3 2.0

102 1.8 243

101 50,0 68.6 540

100 2.6

87 1,0

86 ° 6.7 3.1 5.0

85 4.1 1.0

75 3.1 10,2 .

70 5.3 15.0 1542 1.3 8.1

69 1.9

61 2,6 11,3

60 6647 41.3 12,7 | 36.3

59 4.0 1.0

58 40,0 4445

57 2,0

56 1.0 1.7

55 | 2.6

45 43 | 3.0 9.9 | 1.4 2,0

44 100 100 86.0 | 61.0 37.0° 100

43 66,7 98.8 93.1 89.0 20.4 93.8

42 14,7 81,3 97.3 | 25.4 6.3 1643

41 3¢5 13.8 91,7 Sel 3.9 745

40 | 16,9 1.5

32 2,8 18,3 48.1 8.8

31 348 22.5 93.1 | 14,0 16,7 5.0

30 2.8 2.3 97.3 | 100 3.5 1.3

29 12,7 28.8 9.9 | 99.1 10.0 18,8

28 20.0 37.5 100 33.0 100 87.5

27 4.7 2643 93.1 | 14.0 3.3 10,0

26 1.7 10,0 90,2 245 1.7 3.8
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absorption of biurea is observed at 1680 =~ 1690 ar? without inter~
ference.. The assignments of the other absorption pcaks of the
spectrum have been made with the help of the published spectra of the

individual materialsi/?51s52,

The infra~red Spéctrwn of the water insoluble product is shown in
FIGURES 4.3A and 4.3Be The spectrum of an authentic sample of
cyamelide (shown in the same figures with dotted i.i.nes) is found to be
superimposable on this spectrum. The material, therefore, is

undoubtedly cyamelide.

The conclusion from T.L.C. and infra~-red spectroscopy that the
.sublimate contains cyanuric acid as a major component is also supported
by mass spectroscopic study. TABLE 4.3 shows the percentage
)abmdances of the fragment ion peaks of the soiid products of A.Ce and -

authentic samples of urea, urazole, biurea and cyanuric acid.

While the presence of three components in unlknown proportions makes
detailed analysis of the mass- sﬁectrum' of the sublimate impossible, the
molecul_ar ion peak at m/e = 129 suggests the presence of cyanuric acid,
The presence of urea is difficult to assess accurately because cyanuric
acid has a fragment peak at m_/e = 60 with a relative abundance of 36.3%
of the highest peaks However, a percentage abundance of 66,7 af: |
m/e = 60 with the sublimate in reI_La,tionAto the 28.7 per lcent molecular
ion peak of cyanuric acid is much higher than can be accounted for by
cyanuric _aci_d alone, This higher percentage abundance suggests the
presence of a.ﬁother material with mass mumber 60, vhich is most J_ikelsr,

to be urea,

In the mass spectrum of the residue (TAHLE 4.3) there is a peak at

m/e = 129 which corresponds to cyanuric acid. The other peak at
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m/e = 118 must be the m01e¢ular ion peak of biurea because cyanuric acid
bas no fragment with this mass number. A peak at m/e = 101, which
corresponds to the molecular ion peak of urazole, also corresponds to a
fragment of biurea having about 5.0 per cent abundance relative to the
highest peak of pure biurea. An approximate estimate shows that biurea ,
on the basis of the 1.3 per cent abundance of the peak at m/e = 118, should
contribute about 3.3 per cont abundance at mass number 101, The observed

value of 50 per cent abumdance, therefore, is a clear indication for the

presence of urazole.

The presence of oxamide as one of the solid products of A.C.‘1 was
ruled out on the c¢vidence of T.L.C. .The infrawred spectrum of oxamidesl’ 33
was compared with the observed spectrum of the residue. Oxamide absorbs
mostly in the saw: region of the infra~red as do the other solid products
of AJCa Thus, it is difficult to assess the absence of oxamide from
this evidence. However, the absence of a peak at m/e = 88 in the mass

spectrum, corresponding to the molecular ion, confirms that oxamide is

not present in the solid products.

THE IDENTTFICATION OF THE GASEOUS PRODUCTS

. The curve..f\ in FIGURE 4.4 shows the infra~red spectrum of the
gaseous products after A.C. had becn heated at 17i .5°C for 8 hours. The
spectrum has two strong absorptions ~ one parallel band at 2274 '::m""1 and.
a second band at 3500 - 3535 c:m—I. ~ These absorptions agree ciosei_l.y with
the positions of the two strongly absorbing fundamental bands é-f iS¢~
cyanic acid observed by Herzberg and Reid%. These authors recorded'l
the spectrum with varying pathlengths and pressures of iso~cyanic acid

vapour in order to resolve the fine details. As it was impossible to
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apply this procedure in the present wbrk, the other, weaker absorptions
of isomcyanic acid are not well defined in the spectrum shown in
FIGﬁRE 4+4. For comparison, a spectrum of pure iso-cyanic acid, prow-
duced by thermal depolymerization of cyanuric acid, was recorded wmder
the same experimental conditions. The twﬁ spectra were found to be

superimposable.

When the gascous producté were allowed to age at room temperature
for 48 hours and then re~examined in the infra-red ceil, a considerablé
decrease in the absorption-at 2274 cm.-1 and almost negligible absorption
at 3500 = 3535 ai’ were observed., This fits in with a steady loss of
45

iso=cyanic acid through polymerization”~ into cyanuric acid and cyamelide.
Two broad absorptions at 2110 and 2164'i 5 cﬁ'l now became vicible as
shown in curve B of FIGURE 4.4. These two bands agree with tke bands

54 ' '

of carbon monoxide~ ™.

The gaseous products, Qhen A.Cs was heated at 191.500 for three
hours, gave a quite different‘infra-red spectrum {see FIGURES 4.5A and
4.58).‘ This spectrum has two absorptions at 2110 cm_1 and 21l64rcm"'1
similar to curve B in FIGURE 4.4, and three sets of multiple bands at
710 = 1230 et (maxima at 930 and 965 cmfl), 1400 - 1800 et (maximum

at 1620 cﬁ"l) and 3130 -~ 3500 o (maximum at 3310 al).  The first
two bands are again attributed to carbon monoxide, whereas the three
multiple bands are those of ammoniat’.  The SPectrum of an authentic
sample of ammonia gas compared well with this spectrum. The iso~

cyanic acid vapour no longer appears to be present in this mixturec.

In order to confirm the identity of the iso~cyanic acid some

properties of this vapour were investigated.

A8
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(a) The reaction of iso~cyanic acid with ammonia

-~ In this cxperiment when excess of ammonia was introduced into an
infra~red cell containing iso-~cyanic acid the cell immediately became
s]ightly foggy and the only gas detectable in the infra-red spectrum
recorded as soon afterwards as possible was ammonia. It is clear that

. the reaction between ammonia and iso=cyanic acid to form urea is an
.extremely rapid one which effectively prevents the two gases co-existing
together in the gas phase. This experiment also explained why no iso-
cyanic acid was present in the gas phase when A.C. was decomposed at
191.50 C, a result which is discussed more fully later when the formation

of wrazole is considered.

(b) The gaseous products of urea decomposition

This experiment was carried out to confimm the findings of the
reaction of iso~cyaric acid with ammonia. The infra~red spec;crwn of
the gaseous products obtained on heating urea shows the presence of
ammonia onl'y. Heating urea should produce iso=cyanic acid and ammonia
in equi-molar quantities.:-
| ~———2>> NH

NH, COo. NH + HNCO

2 3

But if some of the iso-cyanic acid polymerizes to give cyanuric
acid and cyamelide, an excess of ammonia will result. If the back
reéction is rapid, only ammonia will be left in the gas ph.ase to be

detected in the infra~red spectrum.

(c) The reaction between iso~cyanic acid and water-vapour

On introducing moist air into a tube containing iso-cyanic acid
and then recording the infra~red spectrum, both carbon dioxide and isom

cyanic acid were detecteds The removal of iso~cyanic acid was not
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complete probably because insufficient water vapour had been added.
mén moist cyanuric acid was heated to produce iso-cyanic acid, the
vapour aftef standing showed the presence of carbon dioxide and

ammonja., It appears that the reaction between iso-cyanic acid and

water-vapour is rapid and takes place in the following Manner ;-

”HVNC_O_ + HO > NH, + €0,

The reaction goes to completion only when the water-vapour is in
excess. If the water is not in excess, any ammonia formed reacts

with iso-cyanic acid to form urea, leaving only carbon dioxide and

surplus iso=cyanic acid to be detected in the gas phase.

4.3+ SHE MECHANISM OF THE DRCOMPOSITION OF A.Ce

_-The analytical information suggests that the solid products of
A.C. contain four major components in the water soluble portion, namely,
urazole, cyanuric acid, urea and biurea, and that the water insoluble
ma.teriai is mainly cyamelide. The gaseous products consist of
nitrogen, iso~cyanic acid and carbon monoxide when A.C. is decomposed
for 8 hours at 171.500. " Under these 'cond.i.tions there was no carbon

dioxide or ammonia present in the gas phase.

A complete analysis of both solid and gascous préducts formed

mder the same conditions is shown in TABLE 4.4.

The percentages on addition :inéica.te that nearly 96% by weight of

the A.C. is accomnted for. When the analytical data is examined with

510,



TABLE 4.4

Percentages of the product components of A.C. decomposition at 171.5o C

Gascous products

Solid products

% by weight % by weight
Nz COo | HNCO Biurea Urazole |} Cyanuric Insoluble Urea
acid matter
158 | 3.8 | 53 | 373 | 136 9.9 440 -~
1642 | 3.8 ] = - - - - 5.9

respect to the percentage of the individual elements preéent in each com~

ponent, the following results are obtained (see TAELE 4.5).

TABLE 4.5

Percentages of different eléments present in each component

Percentage by wei cht of A.C. _

Components carbon | Hydrogen Nitrogen Oxygen |
Biurea 7459 1.90 17.70 10,11
Urazole 3.23 | 0.40 5.66 4.31
Urea 1,18 0.39 2.75 1.57
M somcyanic acid | 536 0.45 6.25 7.14

+Nitrogen - - 16,00 -

Tearbon monoxide 1 .63 - - 2.17
Total 18,99 3.14 48436 25.30
‘AL, 20,68 3.44 48.28 27.59

#* Sum of the cyanuric acid, iso~cyanic acid and the insoluble

matter, i.e., cyamelide.

+

Mcan of duplicate determinations,
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This brealk=down shows that the products account for the whole of
the nitrogen present in the original A.C. but only 92% of the carbon,
h&drbgen and oxygen. The discrepancy may be due to a cmulation of
analytical-errors or it may represent the failure to detect in the
water soluble solid producfs a small quantity of a compounﬁ containing

0.

these three elements only with an approximate empirical formula CHZ

THE EFFECT OF TEMPERATURE ON THE SOLID PRODUCTS

The SIQW'polymefization of.the iso=cyanic acid vapour made it
difficult to analyse the gaseous products quantitatively and for this
reason only the variation of the solid products with temperature was

studieds The results are shown in TABLE 4.6.

It is observed that the proportion of cyanuri: acid incfeases with
temperature while that of the insoluble residue decreases. The
insoiuble residue has been identified as cyamelide by infra-red spectro-
scopy.. That when iso=cyanic acid polymerises, higher temperatures
favour the formation of cyanuric acid and lower temperatures the forma-
tion of cyamelide is in accordance with published workzs. It is,
therefore, reasonable to deduce that both cyanuric acid and cyamelide

are secondary products formed as a result of the polymerization of isSo-

cyanic acid.

THE FORMATION OF URAZOLE

It is also noticed from TAELE 4.6 that at higher temperatures (i.e.,

abové 177.0°C) the proportion of urazole increases while that of biurea
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TABLE 4.6

Variation in the quantities of products with temperature

Tep. Time Percentage by weight of A.C.

o Hours Biurea Urazole Gyzzggic Urea Iﬁzziggle
171.4 8.0 35.8 13.2 1,7 | 5.8 4.9
177.0 6.0 38.2 13,9 10,1 6.6 | 447
177.0 6.0 39.5 13.9 10.1 6.7 4.0
182.0 3.0 36.7 16.9 11,1 f.9 1.8
182.0 3.0 36.6 16,6 11.3 7.8 1.0
187.0 2.5 | 16.5 2049 13.6 1447 0.7
187.0 245 | 17,0 20,7 138 14.3 1.3
191.5 | 2.5 | 16.4 24.6 13,1 14.5 0.5
191.5 2.5 | 16.0 2442 13.7 14,9 | 0.9

decreases. Biruea is known to decompose into ura;ole and ammonia above
180°C and at 1owef temperatures in the presence of gaseous hydrogen |
chloridez4. It was thought likely that iso-cyanic acid acts, like the
hydrogen chloride, as a catalyst enabling the decomposition of biurea
into urazole to occur at a lower temperature. In an attempt.to
ascertain whether urazole is solely a secondary product arising entirely
as a result of biurea decomposition the amounts of the four water
soluble components were determined as a finction of time at two tempera~ ‘
tures, The results are shown in TABLES 4.7 and 4.8 and plotted in

FIGURES 4.6 and 4.7 respectively.
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TABLE 4.7

Variation in the quantities of solid products with time at 171.5°C

Time . Percentage by weight of A.C.

Hours Biurea, Urazole Cyanuric acid Ureca
0425 - 1.1 - -
0450 2.0 1.7 0.4 0.7
0475 - 240 1.7 -
1.00" 5.0 2.7 2,2 1.9
1425 - 3.1 3. -
1,507 12,1 3.9 3.5 3.1
1.75 - 4.6 4.2 -
200" 15.4 5.2 4.4 4o
3400 23.8 8.8 8.4 449 'f
4,00 31,8 10,7 9.8 5.1 é
6.00 3447 12,6 11,6 549 I
8.00 35.8 13.2 11,7 5.8

#* Mean of duplicate determinations,
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TABLE 4.8

Variation in the quantities of solid products with time at 191.500

Time Percentage by weight of A.C.
Mins Biurea Urazole Cyanuric Urea S+

: acid
10 3.3 0.8 2.4 0.8
20 _ 19.4 42 8.0 2.4
40 33.2 8.6 10.9 5.2
60 30,2 |, 10.8 14.6 744 32,8
80" 28.9 11.5 15.1 8.4 32,3
100 2748 11.6 16.5 0.1 31,3
120 : 2743 12,2 15,1 9.7 31,5
135 2447 15.2 15.7 11.4 32.4
180 23,0 18,0 14.0 11,1 3440
300 1443 22,9 14.6 . 12.8 31.0
420 12,7 26,1 13,7 | 133 | 3t.2

Mean of duplicate determinations.

+ S = Biurea, experimental amount -+ an amount equivalent to

the increase in the urazole,

_Aé both temperatures urazole is formed at the very start ofrthe
reaction and at 171.590,as the reaction nears completion, no decrease
occurs in the amownt of biurea, as would be expected if the latter were
decomposing into urazole and ammog;a. At 191.500, however, prolonged
heating beyond the time ( ~ 40 min) at vhich the initial reaction is
virtually complete does result in a decrease in the quantity of biurea
.and a corresponding dincrease in the amount of wurazole., Calculation
shows that within experimental error the biurea loss is exactlf matched
by the urazole gain, as demonstrated by the nearly constant values of S,

As mentioned earlier the infra~red spectrum of the gaseous products
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. after heating AeCe for 420 mins at 191.,5°C (FIGURES 4.5A and 4.5B)
revealed the presence of carbon monoxide and ammonia. and the absence
Qf iso~cyanic acids It is clear that at 191.5°C a slow secondary
reaction does occur in which biurea decomposes into urazole and

ammonia., In this process sufficient ammonia is formed to convert all
the iso—cyanic acid in the gas phase into urea and leave excess ammonia'

present,

But this secondary process cannot at either temperatufe account
for the urazole formed initially and it appears that this urazole is a
primary product formed directly from A.C. and not from biurea., The
evidence, therefore, points to two primary processes occurring con-

currently, nemely,

2 NMi,. CO. N:Ne CO. NH, —>-Mi,. CO. NH.NH. CO. MH, + N, + 2 IINCO (1)
2 NH,,CON:N.CONH, —> H = N = N « H + N, + 2 HNCO + NH3 (2)
O=c - C=0
\ /
N
|
H Urazole
An alternative to reaction (2) ié
2 NH,.CON:N.CO.NH, ~~—>Urazole + N, + N, .CONH, + HNCO  (3)

But at the temperature at which A.C. decomposes urea itself is
a5,

unstable and dissociates to form ammonia and iso-cyanic aci.

NH,o CO¢ NH, ——3> NH, -+ HNCO (4)

2 2

3
It.is impossible therefore to diétinguish between reaction (2) and

the combination of reactions (3) and (4). The urea determined experi-

mentally undoubtedly results from the combination of ammonia and iso-

cyanic acid (i.e., the occurrence of the reverse of reaction (4)) in

the cooler parts of the reaction tube,
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THElFORMATION OF _CARBON MONOXIDL

In the present work the variation in the quantities of gaseous
components formed as a function of time was not studied. But the

10 of the gas evolved when

chromatographic analysis in previous work
A.C, was decomposed between 166.5 and 183°G showed that at the very
start of the reaction littl; carbon monoxide was formed and the
nitrogen to carbon monoxide ratioc was greater than 15:1, By the

time 10% decomposition had occurred the rate of the carbon monoxide
formmation relative to the nitroggn formation had reached a maximum

and the nitrogen to carbon monoxide ratio had fallen to below 3:l.

For the remaining 90% of the decomposition the rate of carbon monoxide
formation fell relative to the nitrogen formation slightly but stcadiiy

and the nitrogen to carbon monoxide ratio increased again to a final

value close to 4:1.,

‘These observations are explained if the carbon monoxide is
formed as a result of the reduction of the unreacted A.C. by iso-cyanic
acid:~

Ni,.C0, N:N.CO.NH, + 2 HNCO ~—> NiH,.CO.NH.NH (CO.NH

2 + N

2 2

+ 2 C0 (5)
Being formed by this secondary process, carbon monoxide does not appear
initially but only once appreciable iso-cyanic acid has been formed.
Reaction (5) competes with the polymerization of iso—cyanic acid to

form cyanurlc acid and cyamellde and as the A.C. decomp051t10n proceeds
the depletion of unreacted A.C. shifts the balance away from carbon
monoxide formation and towards polymer format%on so that less carbon
monoxide is formed per molecule of A.C. decomposed by reactions (1) and
(2). . Since the bulk of the nitrogen is formed by reactions (1) and (2)

a steady fall occurs in the rate of carbon monoxide formation relative

to that of nitrogen formation over the last 90% of the reaction.
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An attempt to darry out the recaction of iso-cyahic acid vapour
with A.C. (reaction 5) at 110 produced a negative result. The
solid product was found to contain cyanuric acid and A.C. only. It
was thought that the vapour pressure of iso-cyanic écid was inadequate
for the reaction so the reaction was carried out in carbon tetra-
chloride solution. This experiment also gave the same negative
result, It seemé that the reacFion does not take place at Jower
temperatures but no attempt was made to carry out the reaction at

higher temperatures because of the possibility of decomposing the A.C.

RELATIVE TMPORTANCE OF DIFFERENT REACTIONS

If reactions (1), (2) and (5) are the only ones responsible for

 the formation of nitrogen, urazole and biurea, an equality should exist
between the number of moles of nitrogen formed and the sum of the moles
of biurea and urazole. A calculation of the molar quantities of the

~ three components from the experimental data in TABLE 4.4 reveals that -
the molar quantitf of nitrogen formed is larger than the sum of .the molar
- quantities of biurea and urazole. This may be due tolthé experimental
error or may indicate that a small percentage of A.C. decomposes to give
nitrogen without biruea or urazole by a mechanism such as:-

NH,.CO. N:N. CO.NH

2 9 -———€>-N2-+ 2 NH

,C0s —>2 N, + 2/n (HZCO)n (6)

If'at 171.500, 53% of the A.C. decomposes by reéctiogr(l), 31% by
reaction (2) and 8% by each of reaction (5) and (6), and all the émmonia .
produced in'rgaction (2) reacts withriso-cyanic acid to form urea, the
percentage of the products formed would be expected to be those shown iﬁ
TABLE 4.9. These values are in good agrecment with the experimental

percentages.
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TABLE 4.9

Predicted and the experimental percentages of the

products of A.C.

Percentace by weight of A.C.
Components Theoretically Experimentally
predicted found
Nitrogen o 15.9 16,0
Carbon monoxide 3.9 3.8
Iso=cyanic acid 19.5 19,2
Urea 8.0 549
Urazole 13.5 : 13.6
Biurea 35.1 ‘ 37.3

Note:= The iso=cyanic acid represents the sum of the percentages
of the cyanuric acid, insoluble matter (i.e. cyeaelide) and the iso.-

cyanic acid in the vapour phase.

The figure for urea may be slightly low because of the partial
formation of ammoniun iso-cyanate by the reaction of isow-cyanic acid

25

with ammoniz.

Thus, it appears that reactions (1) and (2) are the major primary
reactions in the decomposition of A.C. taking place in an approximate
ratio 1.7 : 1 at 171,5°C. The importaﬁt secondary reactions all stem
from the reactivity of the iso-cyanic acid formed in ({) and (2)? most

of vhich either polymerizes, combines with ammonia or reacts with A.C.

THE CRYSTAL STRUCTURE OF A.C.

The crystal structure of A.C. determined by Bryden11 suggests that
the molecules are near planar and lie in sheets parallel. to the (101)

plane, A model built with the available information revealed that it
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404.

is quite possible for all the products biurea, urazole; urea, iso-
cyanic acid, nitrogen and carbon monoxide.to be formed directly through
tﬁe crystal cracking in different pattemns and the hydrogen atoms
moving slightly. It is, however, -difficult to estimate the extent to
which each cracking pattem takes place and hence a théoretical

estimation of the relative amounts of the different products is not .

"~ possible,

THE DECOMPOSITION OF A.C. IN THE PRESENCE OF AMMONIA GAS

A qualitative examination of the products of A.C. decomposed in an
atmosphere of ammonia gas is shown in TAELE 4.10., This suggests that
there is no formation of cyaruric acid in the sublimate and the gaseous
products contain no iso-cyanic acids. The other products are the same
as those found with pure A.C. This investig#tion confims that the
isom=cyanic acid produced during the decomposition of A.C. cannot exist

in the gas phase in the presence of ammonia.,

TABLE 4.11 shows a quantitative analysis of the solid and gaseous
products formed when AJ.Ce was decomposed at 171.5°C for 8 hours in 250 mm

Hg pressure of ammonia gas.

The percentages of the gaseous cémponents, i.e.,_Ni and CO, are
slightly lower than those from pure A.C. (sée TABLE 4.4). This may be
due to éhe fact that the ammonia,by reaction with iso-cyanic acid
produced from the two primary reactions (1) and (2) in the pfoﬁosed

mechanism, reduces the extent of a secondary reaction (i.e., reaction

-(5)) in which iso-cyanic acid reacts with ACo to form nitrogen, carbon

monoxide and biurea.
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4.5.

TABLE 4.11

Percentage of different products of A.C. decomposed under ammonia

Gaseous Products percentage Solid products percentage by weight
by weight of A.C. : of A.C.
N, Co HNCO Biurea |Urazole [Cyanuric | Insoluble Urea
acid matter :
15.0 3.0 nil - - - - 23.4

It is also observed that the percentage of urazole is greater, whereas
that of biurea is less under the present experimental conditions. This
may be due to the fact that the change in the experimental conditions
alters the ratio of the rates at which reactions (1) and (2) take place.,
It is difficult to say, under the present experimental condii;ions, how
ﬁuch ure.';m is formed originally from the A.C., because a certain a.moun.t of

urea is also formed by the reaction of ammonia with the iso~cyanic acid

vapourt,.

THE EFFECT OF AMMONIUM SALTS ON_THE DECOMPOSITION PRODUCTS OF A.C.

This investigation was carried out with the object of learning
whether the presence of an ammonium salt alters the components in the
pfoduc_ts obtained from pure A.C. The results of a qualitative examina#-'
tion of the products of A.C. and ammonium salt mixtures decomposed ét
171.5°C.are summarised in TABLE 4.0 It is observed that ammonium
benzoate prevents the formation of cyanuric acid in the sublimate but
the residue still contains cyanuric acid just as it does with pure A.C.
This is most probably due to the polymerization of iso-cjanic acid vapour

before it can esca.pé into the gas phase., The trace of carbon dioxide in
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TABLE 4.10

. Molar Temp Time . .
Material ratio O hours Gaseous Products Sublimate Residue
A.C, + Ammonium 1:1 171.5 8 NH3 Co COZ Urea - Biurea ] Urazole } Cyanuric
benzoate (traces) traces) acid
A.Ce + Ammonium 1:1 171.5 8 NH3 co - Urea 'Cyanurié Biurea | Urazole j Cyanuric
sulphate [ traces) acid acid
A.C. + Ammonium 1:1 171,5 8 NH co - Urea | Cyanuric |Biurea| Urazole | Cyanuric
3
chloride acid acid
A.Co + AL(NH,). (SO,) 2:1 171,5 8 - co co Urea - Biurea| Urazole | Cyanuric
. 4 4’2 2 acid
12 HZO
A.C. in amonia 250 mm 171.5 8 NH, Co - Urea - Biurea | Urazole | Cyanuric
atmosphere NH 3 ' acid




the gaseous products of ammonium benzoate is duec to traces of moisture
which react with isowcyanic acid vapour to produce ammonia and carbon

dioxide.

Ammonium chloride and ammonium Sulpha.té have a similar effect on
the decomposition products of A.Cs to that of ammonium benzoate except
that their sublimates contain cyanuric acid as one of the components.
This could be due to the evelution of ammonia being slcw owing to the
fact that the decomposition temperatures of these salts are much higher
than the present working tempera,tux"e; The effect of hydrated aluminium

ammonium sulphate can be explained in a similar manner,
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PART 2

AZODICARBONAMIDE AND _ACTIVATORS

CHAPTER 5

THE FUNCTION OF ACTIVATORS IN THE

DECOMPOSITION OF AZODICARBONAMIDE

Azodicarbonamide (A.C.) decomposes at about 235 -~ 240°C when it is
in a pure state, Lasman and Blaékwood14 have found that the rate.of
decomposition of A.C. is greatly influenced by its. particle size, In
general, the smaller the particles the more rapid is the decomposition
rate. The industrial applicﬁtion of A.C. has been limited due to its

'ﬁigh decomposition temperature., DBut, recently, it has been possible
to reduce the decomposition temperature of A.C. with the help of
different additives. These additives, commonly known as tactivators?
or Tkickers?yhave been effective in lowering the decomposition tempera-—

ture of A,C. to varying extents.

The;e are several types of activators in use at present but the
most impértant ones are fatty acid salts of Croup IT and Group IV
meta1856"59. Most of the worﬁ on A.C. has been carried out under the
industrial conditions of éxPanding cellular plastics. The progress of
decomposition of a material is nmormally monitored by measuring the
'éressure-or volume of the gaseoﬁs product formed as a function of time
at a constanf temperature, But in industry the measurement of
apparent density of an expanded foam affords a convenient means for
measuring the extent of decomposition of the blowing agent14; An

apparent density may be measured as a fimction of time at a constant
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temperature or as a function of temperature with a constant heating
rate., Nass60 has investigated the thermal decomposition of A.C. in
the presence of the octoates, stearates, iso~butyl benzoates and
rphthalates of cadmium, lead, zinc and barium byrthis method. The

results with the octoates of the four metals are shown in FIGURE 5.1.

A sharp decrease in the density represents an approximate decome

: ﬁositien temperature, -It is observed that the cadmium octoate.is the
‘most effective and that the barium octoate is the least. In the same
investigation a comparative study of the 2~cthylhexanoates of different
metals showed that barium 2-ethylhexanocate did not exert any mafked
influence on the decomposition of A.C. These results indicated that
bariun salts may act as retaraers for AL+ functioning in such a way as

to stabilize the blowing agent at its normal decomposition temperature.

The mechanism of the catalytic decompositioﬁ of A.C. in the
presence of metallic salts is not yet clear. It is known that A.C.
wdergoes hydrolysis in cold aqueous sodium hydroxide to yield sodium
azo—dicarboxylateél:

NH, . 60. N:N, CO. NH2 4+ 2 NaOH —>> NaOOCN:NCOONa. +4 2 NH3
The latter decomposes in hot water to yiéld sodium carbonate and
'hydrazine14. Sodium azodicarboxylate also precipitates the insoluble
and unstable lead, cadmium and ;inc azodicarboxylates when treated
with appropriate solutions of the salts of these metalé. The azodi=-
carboxylates of lead, cadmium and zinc decompose at once with rapid
gas evolution. | Nasséo, therefore, suggested that the activating
effect by these metals in vinyl foam.sygtems proceeds via the formation

of the intermediate metallic azodicarboxylate which is less stable than

A.C. The incrtness or retarding effect of barium salts can be

L)
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VARIATION IN THE DENSITY OF FOAM EXPANDED BY

AZIODICARBONAMIDE IN PRESENCE OF DIFFERENT CCTOATES
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explained by the same hypothesis. Bariwum azodicarboxylate does not
decompose immediately but instead is stable to such an extent that
temperatures in excess of 450°C are necessary to causc this salt to
yield gas. This explanation for the activation of A.C, by metallic
salts assumes that A.C. in a vinyl foam system first wundergoes alkaline
hydrolysis.  This is theoretically possible since the metallic
tstabilizers! (materials used for the protection of the polymers
against thermal degradationél) normally employed in expanding the
plastics are slightly alkaline, But this theory fails to explain the

activation of A.C. by metallic salts in the absence of tstabilizerst.

A comparative study of the catalytic action of lead, cadmium and
zinc octoates in the decomposition of A.C. has also been carried oot
by Lally and Alteréz. They have fcund that lead initiates the
decomposition at a lower temperature than zinc, while cadmium activates
at lower temperature than either lead or zinc, Their investigations
were also carried out in thé presence of polymeric material so it is
difficult to say whether the results were completely free froﬁ the
influence of other materials present. However, the observations

agreed well with the findings of Nass60.

' The metallic stearates have been used widely as activators for
decreasing the decomposiﬁion temperature of A.G.63’64.7 TABLE 5.1
shows the‘effect of calcium, barium and lead stearates on the decom—
position temperature of A.C. when thoy are added in different

proportions..

It is observed that out of the three stearates studied lead
stearate is most effective in decreasing the decomposition tempera-

ture of A.C.
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 TABLE 5,1,

The effect of metallic stearates on the decomposition temperature of A.Co

R 0
Addition by Decomposition Temperature ~C
welggt of A.C. Calcium Stearate | Barium Stearate | Lead Stearate
3 ‘ 208 175 _ 160
2 ' 215 185 170
1 ' 225 190 180

It has beén found that inorganic salts alse affect the decombositinn
temperature of A.C. but they are comparatively less effective than the
salts of orgenic acids. Metallic chromates and dichromates, for
example, decrease the decomposition temperature of A.C. cnly by 5 to
10°C. The effects of metallic chromates and diphromates on the decom-

position temperature of A.C. are shown in TABLE 5.2.

TABLE 5.2

The effects of metallic chromates and dichromates

65

on the decomposition temperature of A.C.

Cations Decomposition Temperature ¢
Chromate Dichromate
Sodium - 104,1 ‘ 193,1
Potassium 101.3 192,1
Ammonium 195.0 194.5
Calcium 196.3 195.8
Barium 0 192.7 1949
Lead 194.6 196.1
1 A.C. (alone) 201.5
201,1
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It is ébserved that altering the cation causes very little
difference in the decomposition temperature. In the same investigation
it was also found that the decrease in the decor-position temperature of
A.Cs 15 a function of the amount of additive, FIGURE 5,2 shows the
effect of a variation in the amount of the potassium dichromate
addition on the decomposition temperatufe of A.Cs It is noticed that
-beyond a certain level of addition of potassium dichromate;”thére ié no

further decrease in the decomposition temperature.

With the present wmcertain knowledge of the mechanism for the
catalytic decomposition of A.C. it is not known whether only the metal
ions are responsible for decreasing the decomposition temperature or
vhether the anions also take part in the catalytic activity. Lally
and Alteréz,who studied the role of activators in expanding p.v.c. with
A.Csyobserved that the activator performance is influencgd by the anion
structure and the acidity of the activator. They also found that the

rate of decomposition of A.C. is increased by an increase in the

activator concentration,

It is interesting to note that several organic compounds such as.

67

ureaé, monophenyl ureaéé, biurea / and glycols6 have also been used in
catalysing the decomposition reaction of A.C. Owing to the large
variety of activators being used, each to varying degrees of success, it
is difficult to say whether a single type of chemical reaction such as

the one proposed by Nass60 is occurring in the catalytic decomposition

of A.C,

In the present investigation it was decided to investigate the
effect of comparatively less complex compounds such as metal oxides, on -

the decomposition reaction of A.Cs The study was later extended to
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EFFECT OF POTASSIUM DICHROMATE ON THE
DECOMPOSITION TEMPERATURE OF A.C.

n
O
R

202

198 198

194 Yoa

DECOMPOSITION TEMPERATUR g9

)
<
O
Do3YNLYEYIdW3L NOIL ISOdWOD3d

188 1 1
o] 1.0 2.0
ofo BY WEIGHT

™
)

W
0

POTASSIUM DICHROMATE ADDED
FIGURE 5.2




the other type of compounds commonly used as activators.

THE THEORY OF CATALYTIC ACTIVITY OF METAL OXIDES

One of the most important factors in tlﬁe catalytic behaviour of
metal oxides is the clectronic factor éssociated with crystal defects.
' On this basis oxides are classified into two groups -

(i) Semiconductor oxides

(ii) Insulator oxides

The semiconductor oxides are again divided into two parts, n~type |
and p-type. Both originate from a non~stoichiometric defect of the
compound. A non=stoichiometric compound is a solid in which there is
an excess or a deficiency of one component of the ions present {found
by chemical ana,lysis)ég. Some non stoichiometric compounds dis;:lay
only a very small departure from the stoichiometric composition, others
exhibit‘marked departures, bﬁt in all of them the number of atoms of
one component to the number of atoms of the other component dées not

correspond exactly to the whole number ratio expressed by the formula.

A good example of a n~type semiconductor is zinc oxide., It
often contains excess metal incorporated as interstitial zinc ions and
the electrons removed through ionization remain close to the excess.
(defect) metal., Crystals containing such defects show semiconducting
properties since the loosely bonded electrons may be reédily promoted
to the conduction band of the solid where migration through the lattice
is possible. The impurity atom generates a local electron accommedat-
ing' level somewhat below the conduction band and an electron may be
rea,dilf promoted from this level to give conducting properties in '_che

solid. This is called an n-type semiconductor, since the negative
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eleétron, on promotion to the conduction band, is the normal current

carrying species.,

The p-type Semiconductor oxides on the other hand depart from
stoichiometry through metal ion vacancies., Nickel oxide is an
example of this type of semiconductor. The nickel ion vacancy due to

3+ ions to

non~stoichiometry results in the formation of two Ni
“preserve the electrical neutrality. In this type of solid each
defect provides an unoccupied impurity level at an energy just greater

than the upper limit of the valence band and to which an electron may

be promoted with reduction of the defect in charge:=
' 2+

My e — i

A vacancy in the valence band is thus generatéd. Such a gap is known
as *positive hole! and the migration of a positive hole J.n one direc-
tion is equivalent to the migration of an electron in the opposite
direction. The positive~hole migration results in p-type semicone

ductivity.

The. insulator type of oxides such as barium oxide and magnesium
. oxide do not exhibit catalytic activity (from an electronic point of

view) so they are not discussed here.

In a large number of reactions the' catalytic activation consists
in a transfer of electrons from the molecule to the catalyst or vice
Versas 'As a first approximation reactions may be divided into two
groups. The first group consists of donor reactions,in which the
electrons must be transferred to the catalyst, and the second group of
acceptor reactions involving molecules with high electron affinities

such as 0, or H202. Thus, the semiconducting property of an oxide is
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related to its catalytic activity by the observation that p-type
oxides.catalyse the former group and n-type the latter one., This -
theory has been further strengthened by the experiﬁents carried out
by Schwab69 with tdoped! (i.e. the deliberate addition of small
amounts of c#tions of valency different from that of the cations of
the host 1attice68) oxides. The p and n chavacter of an oxide can

be altgred by doping and thus tﬁe catalytic efficiency varied, The
influence of the addition of altervalent ions on the conductivity of
zinc oxide and on the activation energy of the oxidation of carbon
monoxide is shown in FIGURE 5.3. The addition of lithium ions

causes a decrease in the number of free electrons and hence a decrease
in conductivity of the n~type scmiconductor, whereas the addition of
tervalent gallium ions increases the conductivity by increasing the
mmber of frec electrons, It can be seen that the activation cnergy
of the catalytic reaction increases as the concentration of added
lithium ions decreases and that the addition of gallium causes a
marked decrease in the activation energy. These observations are cone
sistent with the conclusion that the catalytic oxidation of carbon
monoxide over zinc oxide involves the chemisorption of oxygen as the
slow step. 'As oxygen is an electron acceptor, the greater the supply
of electrons at the surface of the semiconductor, the easier will be
the formation of the surface oxygen ions and hence thevlower the

activation energy of the catalysed reaction,

In spite of several examples available it is difficult to say
whether a simple relation does exist between the semiconducting
property and catalytic activity of an oxide, In the first place,

68

evidence has come to light - which strongly suggests that the precise
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EFFECT OF DOPING ZINC OXIDE WITH THE
OXIDES OF LITHIUM AND GALLIUM

ACTIVATION ENERGY FOR THE OXIDATION OF CARBON DIOXIDE
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degree of the semiconductivity of a metal oxide may differ considerably
in the bulk phase from that prevailing at the surface. Secondly,
much remains to be lcarned about the nature of the defects. Tor

examp1e70

s the extent of the localization of the holes and electrons,
and the tendency of_:‘.nciividua.l point defects to interact with one
another,needs to be investigated. The third difficulty is that 00
much attention has been paid to the number or concéntration of positive
holes and other point defects but very little attention has been

given to the mobility of the defects68.
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CHAPTIR 6

THE YNIFLUENCE O ZINC OXIDE ON_THE DECOMPOSITION

TEMPERATURE OF AZODICARBONAM:DE

~ Zinc oxide either élone or in combination with the other materials
has been used extensively as an activatéf\for decreasing the decompoSi-r
- tion temperature of azodicarbonamide (A.C.f. A temperature as low.as
140 - 150°G has been achieved with the addition of zinc oxide? while
the decomposition temperature of puré A.C. is about 235-240°C, Owing
to the lack of information regarding the reaction between pure A.C. and
zinc oxide the mechapism of the catalytic behaviour of the latter is-not
known., It is not «ven known whether the activation of A.C. by zinc
oxide takes place via a chemical process such as the one suggested b& ‘
Na5360 (CHAPTER 5) for the fatty acid salts of Croup II and Group IV

metals.

The present work shows the effect of zinc oxide on the decomposi-
tionltemperature of A.C. 1In order to learn about the decomposition
of A.C. in the presence of zinc oxide, no other additive has been used
in the reaction system. The effects of grinding and compressing the
two particlgs together on the decomposition temperature have been
studieds Information regarding the effect of grinding on the physical
state of the particles has been obtained from electron micrographs.
Finally, a complete chemical analysis of the solid and gaseous products
of an A.C. and zinc oxide mixture has been carried out to learn Whethef
a éignificant quaﬁtity of zinc oxide is chemically involved in the

activation of A.C.
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FEXPERTMENTAL

THE MATERTALS

(i) Zinc Oxide

The zinc oxide used in this investigation was 'Analytical Reagents'
quality supplied by Fisons Industrial Chemicals, Loughborough. The
material was dried over a bunsen burner (~ 400—-50060) for cne hour and
cooled to room temperature in a silicagel desiccator before it was

mixed with A.C.

(ii) Azodicarbonamide

The purified sample of A.C. used in this investigation was the

same as that used in the previous experiments (see CHAPTER 3).

THE PREPARATION OF MIXTURES

Two different methods were used for preparing the mixtures.

(1) Ground mixture

The A.C, and zinc oxide were weighed into a ball-mill mortar and
. vibrated for different lengths of time. The same vibrator speed was

used for preparing all the mixtures.

The mixture of A.C. and zinc oxide used for the complete quantita-

tive analysis of the products was ground for two hours.

(ii) Unground mixture

Known quantities of dried zinc oxide and A.C. were suspended in
dry chloroform (2% w/v) and stirred at room temperature with a magnetic

stirrer for one hour, The chloroform was then removed on a rotary
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evaporator, the temperature being kept below 40°C.  This procedure

produced good mixing with minimum change in particle size.

THE PREPARATION OF A DISC

The mixture of zinc oxide and A.C. was transferred into a thick
valled steel die. The pressure was apblied to a constant level with
-2 hydraulic press for a certain length of time, with the die under

vacuun.

A small portion of the disc was used for the determination of

the decomposition temperature each time,

THE _DETERMINATION OF THE DICOMPOSITION TIMPERATURE

The decomposition temperature was determined with a DU~PONT 960
Differential Thermal Analyzer. The peak ma#imum of the thermogram
was taken as the decomposition temperature., The heating rate was
15°C per minute up to 14000 and then was reduced to 500 per minute.
The heat%ng rate was kept constant and the samplelsize was maintained

at 5 -~ 6 mg throughout the investigation.

THE ANALYSIS OF THE DECGMPOSITION PRODUCTS

The mixture of A.C. and zinc oxide in the ratio 4:l (w/w) prepared
by grindihg vas decémposed in an evacuated tube as described earlier
(CHAPTER 3). A preliminary analysis of the solid products was carried
out with the thin-layer chromatographic technique and the gascous

products were examined by infra~red spectroscopys
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The technique used for the quantitative analysis of the solid
products of pure A.C. {(CHAPTER 3) was slightly modified fof the analysis
of éhe solid products of the A.C. and zinc oxide mixture., The aqueous
extract of the solid pr&ducts contabﬁed suspended zinc oxide which was
extremely difficult to filter. ' The extract, therefore, was centrifuged
and the clear liquid filtered through Whatman 542 filter paper. The
\“igséluble residue was washed several times with warm water, the washings
centrifuged and the clear liquid filtered. The filtrate ahd the wash~
ings were mixed together and diluted to a constant volume. This COM=
bined solution was then used to determine the water soluble components

as described ecarlier (CHAPTER 3).

The insoluble residue was dissolved in 4 N hydrochloric acid
(5 - 7 ml), filtered and the insoluble portion vashed.s The solution

was neutralized to pH 7 with 4 N sodium hydroxide solution.,

The determination of Zn'' was carried out in both the above
" solutions by titrating with 0.01 M E.D.T.A. solution using Eriochrome-
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black-T as indicator’ .

RESULTS AND DISCUSSION

TABLE 6.1 shows the decomposition temperatures of pure A.C. and

nixtures of A.C, and zinc oxide

TABLE 6,1

The decomposition temperatures of A.C, and (A.C. + Zn0) mixtures

Sample Ratio {(w/w) 2:;;§£Zi;::030
A.C. mground - 237
A.C, ground for 12 hours - 236
#A.C. mgrownd + Zn0 4:1 ‘ 224
¥A4Ce ground for 12 hours + Zn0 4:1 212

* The two components were mixed without grinding (see EXPERIMENTAL)
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The observed decomposition temperature of 237°¢ for pure mmground
A.C, is very close to the reported decomposition temperature. The
decomposition temperature, however, does not chauge significantly on
grinding for 12 hours in a ball mill; When the unground A.C. is
mixed with zinc oxide in a 4:1 ratio without grinding the decomposition
temperatufe is decreased by about 13°C, There is a further decrease of
__about 1290 vhen a ground sample of A.C. is mixed with zinc oxide in the
same way. The only difference existing between the two mixtures'ié the
difference in the particle size ‘of the A.C. The ground A.C..having a
larger surface area increases the interfacial contact area with the zinc
oxides Thus, it is evident that the decomposition temperature of théf

mixture is dependent.on the interfacial contact area of the two particles.

The grinding of A.C. and zinc oxide together has a more drmmatici
effect on the decomposition temperature than mixing a preground sample
of A.C. with zinc oxide. TABLE 6.2 shows fhe-variation in the decom-
position temperature of mixtures of zinc oxide and A.C. with grinding
time.

TABLE 6.2

The effect of grinding time and percentage of zinc oxide on the

decomposition temperature of A.C, and zinc oxide mixtures

2 hours grinding 4 hours grinding 8 hours grinding .
% Zn0 Decomposition % Zn0’ Decompositiog % Zn0 Decompositio%
temperature temperature C : temperature ()
0 237 0 233 0 238
5 223 8 211 10 177
10 217 12 201 ' 20 176
20 198 20 188 30 174
30 194 30 181 50 167
50 187 50 171
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It is noticed that the decrease in the decomposition temperature
depends on the degree of grinding. The decomposition temperature also
depen&s on the provortion of zinc oxide but above the 30% level the

change is not significant (see FIGURE 6.1),

It is observed that the shape of the thermogram of pure A.C. is
quite different from that of its mixture with zinc oxide when both
thermograns are recorded under éimilar conditions (FIGURE_ 6.2)s The
former has a broad exothermic themmogram whereas the latter gives a

very sharp single peak thermogram as though an explosion has occurred.

The marked effect of zinc oxide on the decompositibn ta‘nperatﬁre
of A.C., particularly vwhen the two solids are ground together, is diffi-
cult to explain., To learn more about the effect of grinding on the
physica.. state of the particles, electrommicrographs of the gfound and |
unground mixtures as well as of pure A.C. were takén. The three
electronmicrographs are shown in FIGURES 6.3A and 6.3B. The micro—
graph of pure A.C. shows that the material is crystalline (the cracks
appeared as a result of t]r‘le adverse effect on A.C. of the conditions
under th:.ch the micrographs were produced). The ground mixture of
A.C. and zinc oxide shows that the particles are very fine and that
they are close to each other. In fact, it is difficult to identify
the two materia.is in the micrograph. In the unground mixture the zinc
oxide particles being sma,iler in size are sitting on the larger A.C.
particles, The A.C. particles, in this case, are not completely
covered with zinc oxide parti;cles. It is clear, therefore, tha.._t the
ground and wnground mixtures differ in inferfacial contact areae -

The former has a better interfacial contact area than the latter.

It would appear, therefore, that the cause of the more effective kick-
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—iqg observed in the ground mixture is the better interfacial contact

between the two solids resulting from the grinding.

The effect of increased interfacial contact in lowering the decom—
position temperature was further confimmed by compressing the A.C. and
zinc oxide particles together in the form of a disc. The results of

this exercise are summarized in TABLE 6;3.

TABLE 6.3

Effect of compression on the decomposition temperature of A.Cs

and zinc oxide mixtures

- racio | oy [T [ReposTy
A.C, + Zn0 Unground 4:1 | Unpressed - 225
A.Co + Zn0 Unground 4:1 16 5 2090
A.Co + Zn0  CGrownd 4:1 16 5 161
AC. + Zn0 Ungrownd 4:1 32 5 171
A.C. Ground - 16 5 229

When the particles are unground the decompositioﬁ_temperature decreases
by 16°C and there is a further decrease of about 3800, when the pressure
is increased to 32 tons/inz. Although the ground mixture has a decom-—
position temperature of 176°C (TABLE 6.2), the compression decreases this
further by about.15°c. It seems that the decrease in the decomposition

temperature is also dependent on the compactness of the two particles.,

The evidence.suggests that the effectiveness of zinc oxide in
&ecreasing the decomposition temperature of A.C. is dependent.upon the
degree of grinding and the extent of compression of the two solids.,
The question remains whether the zinc oxide takes part chemically in

catalysing the decomposition reaction of A.Cs In an attempt to answer
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this, it was decided to analyse the solid and gaseous products obtained

on decomposing a mixture of A.C. and =zinc oxide.

The qualitative analysis of the solid products by thin-layer chromam
tography and the gaseous products by infra-red spectroscopy showed the
presence of the same components as were foﬁnd when A.C. was decoﬁpoSed
alone (CHAPTER 4). The results of a qﬁantitative analysis of-the

“components of A.C. and zinc oxide (4:1) mixture are shown in TABLE 6.4.

TABLE 6.4

Products of an A.C. and Zn0 mixture decomposed at
171.5 °¢ for 8 hours

Gaseous products Solid products % by weight of A.C.
% by weight of A.C.
N2 CO  |HNGY Biurea |Urazole|Cyanuric [ Urea | Zn0 Zn0
acid as Zn  |lunchanged
15.4 [ 2.8 ] 3.3 372 13.7 11,2 - 1.9 18.1
151 12,7 | 2.7 - - - 5.4 - -

The‘percentages of the products are very Similar to those obtained
from pure A.C., except that there is a decrease in the percentage of
carbon monoxide. This may be due to the variation in the proportions
of the reactions (1), (2)'and (5) in the mechanism proposed for the
decomposition of A.C. alone (CHAPTER 4). A slight amount of ot
(represented as ZnO) is found in the solid products. - This is, presume
ably, due to the formation of traces of zinc iso~cyanate. From the
results it appears that the zinc oxide does not take part éhemically in

any-major reaction occurring during the decomposition of the mixture

wnder the conditions employed. . L
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From the information available it scems that the debrease in the
decqmposition-temperature of A.C. in the presence of zinc oxide is Que
to a. surface reaction taking place between the two solids. The bulk
of the zinc oxide remains unchanged., The explosion phenomenon is
difficult to explain but it is possible that initially an exothemic
surface recaction takes place between A.C. and zinc oxide_. The rate of
productlon of heat is greater than the rate of loss to the surroundings
by conduction and c_:onvection, and this causes the self heating of the
solid which accelerates the reaction to an explosion. If this is so,
- then one would expect the decomposition of the mixture to occiur in two
steps, the first involving the surface reaction and the second the
normal decomposition of A.Ce The thermogram of the A.Ce and Zn0
mixture, however, does not indicate that the reaction is occurring in
two stepsl. It is likely that the present experimental conditions are
unsuitable for the resolution of the two peaks cxpected from two
separate steps. Isothemmal decomposition at low femperatures, however,

might provide more suitable coriditio_ns with which to demonstrate a two

step process and confirm the tentative conclusions of this chapter,
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CHAPTER = 7

" THE CATALYTIC DECOMPOSITION OF AZODICARBONAMIDE

IN THE PRESENCE OF METAL OXTDES

It has been found both in the present investigation and in the
-work carried out in industry for expanding pla,stic:56 that zinc oxide
decreases the decomposition temperature of azodicarbonamide (A«Ce).
Aleseenko and DeniSenko7z have studied the kinetics of gas evolution
during the decomposition of A.C. with the dosage of zinc oxide in
various proportions. Their results show that the plot of gaseous
volume as a fimction of time has a similar shape to that obtained
from A.C. alone. In this investigation no particular attention
was paid to the degree of mixing which, as was shown in the previous
chapter, does have a great influence on the decomposition temperas
ture, In addition, the investigation provided practically no

information regarding the mechanism of the catalysis.

Takahashi and Tsutsumi73 have studied the effect of mechanical
treatment on the physical properties of zinc oxide. They have found
that the primary particles of zinc oxide on progressive grinding
aggregate and this is accomf)anied by a growth of secondary particles.
The sensitivity of the zinc oxide to mechanical treatment depends on
its or:?.gin. Tn the same investigation it has also been pointed out
that the catalytic activity of zinc oxide is closely related to the
primary stﬁctural change aﬁd the lattice distortion caused by
mechanical treatment.

. In this :i.r;vestigation the isothermal decomposition of mixtures

of A.C. and metal oxides has been studied by measuring the pressure
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of the gaseous product as a fumction of time, . Particular attention
has been paid to the influence of température and the extent of
grmding on the decomposition rate. It was hoped that the informa-
tion obtained would pfovidc a bett;er mderstanding of the role the

metal oxides play in catalysing the decomposition reaction of A.C. -

EXPERIMENTAL

The Materials

~ The sample of zinc ‘oxide used in this investigation was treated
in a similar manner to that described in CHAPTER 6. Lead oxide
(Pb0), cadmium oxide, magnesium oxide and barimm oxide werc Laboras
tory Re.agent grade which were dried in a2 similar manner to zinc

oxide,

The sample of A.C. was the same as that used in the previous

experiments.

Preparation of the mixtures

The ground mixtures of A,C. with different oxides were prepared -

by grinding the two solids together as described in CHAPTER 6,

The unground mixture was prepared by suspending the two solids

in dry.chloroform as described in the same chapter.

Preparation of the pre-heated samples

The mixture of A.C. and zinc oxide was heated at 144.500 for

2.5 hours in an evacuated decomposition tube., The mixture was
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divided into two parts. The first part was used for the decom-
position at 180°C. The second part was reground for two hours and
then the decomposition was carried out at the same higher

temperature.

The pre=heated mixtﬁre of A.Cs and cadmium oxide was prepared
by heating a mixture of the two solids in an evacuated decomposition
tube for two hours at 144.5°C. The tube was removed from the bath
and cooled to room temperature. Care was taken to avoid the
production of fresh surfaces during handling., The decomposition

was carried out at 171.500.

The decomposition procedure and the measurement of gaseous pressure

The apparatus consisted of a 50 ml quickefit boiling tﬁbe, the
top portion of which was comnected via a cold trap to a U=tube |
mercury manometer scaled af one end and to a vacuum pump. The
apparétus was similar to the one shown in FIGURE 7.1. The pump,
manometer and the decomposition tube were separafed by two stope

cocks,

The sample was weighed into the decomposition tube and cone
nected to the rest of the apparatus with a ground glass joint
sealed with picein wax. The apparatus was evacuated to less than
0.1 mm mercury pressure and the trap was cooled with.liquid nitrogen.,
After closing off the pump the decomposition tube was immersed in a
constant temperature oil bath and the stop~watch was switched on.

The rise in pressure was measured at different intervals of time,

-
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The weight of the sample was kept constant (232 mg) in each
experiment with pure A.C. In the case of A.C. and metal oxide
‘mixtures an amount of the mixture was taken such as to contain the

same amownt of A.Ce a8 that used with A.Ce Onn its own.

Method of investigating the first stage of the reaction

_ .. The apparatus used in this experiment is shown in FIGURE 7.1,
It was very similar to that described for the study of the complete
decomposition, except that the mercury manometer was replaéed with a
n-butylphthalate manometer of slightly different design, to achieve

a better accuracy in the measurement of pressure,

The procedure for the decomposition and the measurement of

prescure were the same as described before.

The mixtures were prepared by grinding the two solids in a ball

mill for a known length of time,

RESULTS AND TNTERPRETATIONS

7.1, THE INFLUENCE OF ZINC OXIDE

Plots of pressure as a function of time for the isothermai decom=
position of A.C. and for that of mixtures of A.C. and zinc oxide (42 1)
are-shown in FIGURE 7.2. The‘A.C. was ground with zinc oxide for
eight ﬁours. To-check the reproducibility of the grinding and of the
experimental result in general duplicate runs were carried out. These

. are shown in the FIGURE 7.2 and can be seen to agree closely.

-

. A.C. has a sigmoid shaped curve similar to those reported by the -

10,72

other workers . The mixture of A.C. witﬁ zinc oxide exhibits an

initial steep curve corresponding to a rapid process which is then
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followed by a more gentle curve similar to that obtained from pure
A.C. It appears that the mixture decomposes in two steps, the

initial step representing about 104 of the decomposition.

It is found that neither with A.C., nor with the mixture does
the pressurc become constant even after prolonged heating., This:

_behaviour was also observed by Swarm 0

in the study of the isothermal
decomposition of A.C., both b& thermogravimetric and gaseous volume
measurement methods. In the former, no constant weight was
obtained, and in the latter the gascous volume never reached a
constant level even aftef prolonged heating, This behaviour may be

" either because a certain portion of the A.C. is still undecomposed,
or because one of the solid products is decomposing slowly. Owing
‘to the difficulties in assessing the final ﬁressure,,an accurate
determination of the extent of decomposition 4t a given time is not

possible and therefore a detailed analysis of the kinetic data

cannot be made.

The effects of two factors on the pressure time plot for the
isothermal decompositions of A.C. and zinc oxide mixtures have been

stu&ied.

(1) The effect of grinding

FIGURE 7.3 shows a plot of the gaseous pressure as a function
of time when a 4:1 mixture of A.C.and zinc oxide, ground for differe
ent 1ength§ of time, is decomposed at 171.5°C. It is observed that
the first stage of the decomposition reaction is greatly influenéed
by the length of grinding time. As the grinding time increases

the first step constitutes a higher percentage of decomﬁosition.
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The curve with the unground mixture shows very little sign of the
reaction taking place in two steps. It appears that the first
stép is a surface rcaction beccause more grinding almost certainly
results in a greater interfacial contact area between the A.C. and
zinc oxide particles., It is difficult to compare quantitatively
the different percentages constituting the first step of the
reaction resulting from different lengths of grinding because the
termination of the first step and the start of the second are not

sharply defined.

(ii) The effect of temperature

A plot of the gaseous pressure as a function of time during
the isothermal decomposition of the same 4:1 mixture of A.C. gnd
zinc'oxide is shown in FIGURE 7.4. The rate of the first step of
the decomposition increases ﬁith temperature and at 180°C the rate
is too fast to be measured and behaves as though an explosion has.
occurred. This behaviour resembles that observed during‘the deter-
mination of the decomposition temperature of the ground mixture of
A.C. and zinc oxide (CHAPTIR 6). At 180°C the reaction is so
violent that it is impossible to say whether it occurs in two
steps. The curve at 171.5°C shows an intermediate rate of decome

position in which the two steps are clearly defined.

For comparison, the initial stages of the decomposition of
pure A.C. have been investigated under the same conditions., The
results are shown in FIGURE 7.5. The induction period, in this
case; decreases as the temperature increases but there is no
indication that the decomposition occurs in two steps. ’Furtheru

more, there is no explosive type of fast reaction at 180°C as is
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observed with the A.C. and zinc oxide mixture.

From the evidence available, it seems more than probable that
the first step in the decomposition‘of a mix‘ure of A.C. with zinc
oxide is a surface réaction. The surface reaction at the early
stages of the decomposition produces some solid products and
possibly séme gaseous products. The solid products cover the A.C.
particles and the intgrfacial contact between the A.C.-particlesl
and the zinc oxide particles is lost. This makes the zinc oxide
thereafter ineffective_and during the later stages of the decom= |

position the A.C. decomposes uncatalysed on its own.

If this theory is correct, then on pre-heating the mixture of
A.C, wifh ziné oxide at a lower temperature to complete the first
step of the reaction without involviﬁg the second step, and then
carrying out tha rémaining decomposition at a higher temperature,
the explosion siould be avoided., TIn addition, if the pre-~heated
material is reground to create fresh surfaces, the explosion should
again occur. Jn an attempt to confirm this experimentally, a
mixtufe of A.Ce and zinc oxide was heated at 144.5°C at which teme
perature the second stage of the decomposition does not také place
to ény significant exteht. FIGURE 7.6 shows that on Subsequenf‘
heating dt a higher temperature (180°C), although a certain amount
of the first step reaction occurs, the explosion is preventéd. The
first step may be still appearing for two reasons., Firstly, the
reaction may be incomplete at the lower temperature and secondly,
some fresh surfaces may be created during handling, However, when
the pre-heated material is reground, the explosion does occur. It

is, therefore, clear that the explosion is related to the interfacial
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contact area between the A.Cs and zinc oxide particles.

In an attempt to confirm whether the second step of the decom-
position resembles the normal decomposition of A.C. on its own, the
two curves were compared. Owing to the difficulties in‘elinﬁnating
the first step quantitatively from the former, the two curves are

.not superimposable, but the shapes of the two curves are very similar..
In another attempt it was decided to ciompare the activation energy
of the reaction of A.C, with zinc oxide (4:1) taking place during

the second stage with that of pure A.C.

The energy of activation of a 4:1 A.C, and zinc oxide mixture
dur:':ng the second stage has been calculated by plotting 1og10(%)
.against -%, where  t 1is tﬁe time taken for the pressgre to increase
from 3.5 cm to 5.0 cm in the linear portion of the curve. FIGURE

- 747 shows the plot of the data which are tabulated in TABLE 7.1,
TABLE 7.1

Data for the determination of the activation energy during the

second stage of the decomposition of an A.C. and zinc oxide (4:1) mixture

Temperature

1 3 Time 1 2 1

T K 7 x 10 (m-jtn) : x 10 J.oglo(- <)
448,58 2.2296 15,0 66667 ~ 1.8694
444.5 242497 22.5 | 4.4444 - 1.6946
- 440.5 2,2701 32,0 3.1250 - 1,5052
436.5 242000 49.5 24,0202 | = 1.3522
432.5 2.3121 74.0 1.3514 ~'1,1761

The energy of activation calculated from the slope of the linear
curve is found to be 38.0 k cal mol"'1 (see APPENDIX I for the
célculation).
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The energy of activation of the pure ground A.C. has been
estimated by the same method, and ]ikewiée using the linear portion
of the graph and is found to be 37.0 k cal mol™l, The plot of
1og10(~113) against (—%)- is shown in FIGURE 7.8, and the data are

tabulated in TABLE 7.2.

TABLE 7.2

... Data for the determination of the activation énergy

of the decomposition of ground A.C.

Tel;'lperal‘gure *,_]i.-x 103 'flane) (%) x 103 loglo(%)
min

453.0 242075 12 8.3333 - 1,0792
448.5 242206 17 5.5882 - 1,2527
444.5 242497 29 3.4483 - 1,4624
440.5 242701 42 23810 - 1,6232
436.5 242909 | 55 1.8182 - 1,7405
432.5- 2.3121 72 1.3889 - 1,8576

It is noticed that the energies of activation in the two cases
are very close to each other, which suggests that the second stage

is very similar to the normal decomposition of A.C.

The_method used in the study of.the complete decompositioﬁ of
an A.C. and zinc:oxide mixture does not reveal adequate information
regarding the reaction involved in the first step. It was, there~
fore, decided to carry out a detailed investigation of the first

step reaction separately.
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The investigation of the early stages of the decomposition

With the help of an accurate pressure measuring device it has
-.“bc;en possible to investigate the nature of the reaction between A.C.
and zinc oxide occurr;i.ng during tl{e early stages. A typical plot‘
of pressure as a function of time for this part of the reaction is
shown in FIGURE 7.9, The curve is deceleratory throughout wmtil

~ there is a sign of the start of the second stage. The shape of
the curve indicates that. a surface reaction has occurred. This
type of reaction is normally dependenf on the interfacial éontact
area between the two reactants. As the reacf:ion progresses the
interfacial contact area dininishes due to the formation of the

product, thus the curve shows a deceleratory shape.

‘Before carrying out further investigation, A.C. and zinc oxide
were heated separately in the apparatus attached to the accurate
pressure measuring device to see whether they liberate any gas. In
the case of zinc oxide alone no méé.sura.ble pressure devéloPed. The
A.C., however, started decomposing as soon as ‘the heating started.
This phenomenon was also obéerved by swan’®,  FIGURE 7,10 shows
the early stages of the decompositionlof pure A.C. The grinding .
Ha.s very little effect on the rate of the decomposition. The
actual extent of decomposition is no1.: high _enough to cause serious
error :Ln the :i.ﬁvestiga.tién of the reaction of A.C. with zinc oxide

(or other oxides which will be discussed later) during the early

stages.

An attempt has been made to study the kinetics of the reaction

of A.,C. with zinc oxide during the early stages of the decomposition.
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From the pressure-=time plot it is difficult to determine the exact
pressure at the end of the first stage because the second step
appears to commence before the first step is complete.

Guggenheimis75

method has therefore been used for the analysis of
the results., 1In this particular method it is not necessary to

 know the value of the final pressure.

. For a first order reactién the procedure is‘ to take a series |
of readings of the pressure P, at intervals of time t. A second
set of readings P, is also taken, each at time t + t1, where t1
is a constant interval after fhe time of the corresponding reading
P+ The period tl must be at least two or three times the half
life of the reaction. If Poois the final pressure at the end of
the first stage and k is the rate constant, the first order rate

equation can be written as:
o ' k!
kt + ln (P, - P;) = POO[POO (1 -e")] (1)

The right hand side of the equation is constant.,

T?lerefore
kt + In (P2 - Pl) = constant (2)

A plot of In (P2 - P;) against t will therefore give a

straight line of slope ~ k.

FIGURE 7.11 shows such a plot for the data obtained from the
decompo'sition of an A.C. and zinc oxide mixture at 150°C, The data

are tabulated in TABLE 7.3.

It is observed that a good straight line is obtained indicating

that the reaction is first order.
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TABLE 7.3

A.C. and zinc oxide (4:1) mixture = ground for 20 hours

Data for Guggpnheimis plot

First set Second set Time
Time | P, Time | 7, (Py = Pj) | In (Py=Py) | ¢ t )
/min em /min Jem /em /min
0 0 40 | 12.10 12,10  2.4932 0

5 |3.15 45 | 12,60 9.45 242460 5
10 | 5.90 50 | 13.00 7,10 1,9601 10
15 8.08 55 [ 13.50 5442 1.6901 15
20 | 9.70 60 | 13.70 4.00 1,3863 20
25 | 10.60 65 | 14.00 3.40 1,2238 25
30 |11.50 70 | 14.20 2,70 0.9933 30

The value of P, the pressure at the end of the firsf stage,
can be calculated from equafion (1). With the calculated value‘of
Poothe validity of the fifst order reaction is further confirmed by
appljing the normal first order rate equation:—

k= 71; In P/ (Pyy = P) . (3)

A straight line is obtained by plotting t againstlnPeo/(Pgp= P)

which is shown in FIGURE 7.12.

The data aré tabulated in TABLE 7.4.
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TABLE 7.4

A.C. and zinc oxide (4:1) mixture = ground for 20 hours

Data for the first order plot

Temperature'- 15000 Py = 13.68 em
)

(Poo = P) Peo / (Poo = P) | In By /(Pen = P)

Time P
/min | / cem / e
1 0.7 12,08 1,054 ‘ 0.0525
2 1.3 12.38 1,105 , 0.0999
4 2.6 11,08 1,235 10,2108
6 3.7 9.08 1,371 0.3154
8 4.8 8.88 1,541 0.4321
10 549 7478 14758 0.5644
12 6.9 6478 2,018 047019
14 7.8 5.88 2.327 0.8444
16 8.5 5.18 2.041 0.9711
18 9.1 4458 2.987 1,0942
20 0.7 3.08 34437 1.2346
22 10.1 3.58 3.821 1.3406
25 10.6 3.08 4.442 : 1,4910
30 11,5 2,18 6.275 _ 1.8366
35 12,1 1,58 8.658 2,1585
40 12,6 1.08 _ 12,67 245390
45 13,0 0.68 20,12 3.0016

It has been found that the value of Pgo depends on the extent of
grmdulg. By gr::.ndlng the two particles together the particles
become smaller and thus the interfacial contact area increases. It
ié, therefore, expected that prolonged grinding would increase the
proportion of the first step. This agrees well with the experimental
results shown in FIGURE 7.13. The Guggenheimlis equation fits well
for all three curves., The value of Poo increases as the grinding

~ time increases (see TABLE 7.5).
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TABLE 7.5

Calculated values of Peo , the pressure at the completion of the

first stage of the reaction between A.C. and zinc oxide (4 : 1).

Temperature Crinding Time " Poo
/K Jhour Jem
i 423.0 2 8.08
42340 8 ' - 11,85
42340 20 13.68.
42040 20 12,54
418,0 20 10.78
4140 20 9,20
41040 . 20 11,10

The value of Pn, appears to vary also with temperature. There
is a tendency for the value to decrease as the temperature decreases,
but the data are scattered and it is not possible to draw any

definite conclusions.

The value of the rate constant obtg.ined from Guggenheim!s 'p.lot
atl: different temperatures can be used for the determination of ‘the
.activatio_n energy of the first stage. TFor a 4:1 A.C. and zinc
oxide mixture the activation energy is found to be 26.2 k cal moi™l.
The values of In k as a fumction of ( % ) are plotted in

FIGURE 7.14 and the data are shown in TABLE 7.6.
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TABLE 7.6

Data for the determination of the activation energy for the first

stage of decomposition of a 4:1 A.C. + zinc oxide mixture,

'Tempera.ture _% < 103 Ckox 102 In k%
T/K Jwin

423 24364 5.084 - 24979

420 2,381 44076 - 34200

418 - 24392 34516 - 3.348

414 24415 2,625 - 34640

410 24439 1,880 - 3.974

The kinetic equation for a first order reaction encountered

frequently in hémogeneous systems, as mentioned earlier, is rarely

followed in a solid phase reaction. It is only followed when

physical phenomena such as internal diffusion, sublimation, etc.,

have no effect on the process rate

74

. Furthexmore;_ the equation

derived for homogeneous reactions is valid for a reaction taking

place in a heterogeneous system only for a constant surface of

contact between the reactants,

Therefore, for a reaction of the

first order expressed by equation (3) taking place in a solid

mixture, it is more correct to writeie

1

kF = =

t

In Poo/ (P = P)

“)

where F is the surface contact area between the reactants. The -

value of F is dependent on the shape and size of the particles,

Owing to the lack of information regarding the latter, a quantitam

tive analysis of the data is impossible.

" However, it has been

found that progressive grinding increases the magnitude of the rate




constant which is most likely to be due to the influence of grinding
on the contact area between the two particles. The variation of
| the rate constant with grinding time in the reaction of A.C. with -

zinc oxide is shown in TABLE 7.7.

TABLE 7.7

Variation of the rate constant with grinding time

for A + 700 (4:1) mixture at 15°C

Grinding time Rate constant
/ hour k / min
. -2
2 2,38 x 10
g 3.07 x 1072
20 | 5,08 x 1072

7.2, THE INFLUENCE OF THE OXIDES OF LEAD, CADMIUM, BARTUM
AND MAGNESIUM '

" The pressure of the gas evolved és a function of time vhen
different metal oxides react with A.C. at 171.5°C in a 1:4 ratio, is
-_siwwn in FIGURE 7.15« The 'oxide of lead reacts with. A..C. in two
steps similar to that ‘of. zinc oxide. TIn the case of magnesium
oxide, however, it is difficult to say whether the reaction has
occurred in two steps. If the reaction has taken place in‘two
steps, the first step is extremely small in comparison with the
second step. Barium oxide gJ':veS a curve very similar to the oxides
of lead and cadmium indicating a two step reaction. But a further

investigation revealed that when barium oxide is heated on its own,
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a small but rapid initial‘ evolution of gas occuré in exactly the
gf!me way as when a mixture of barium oxide and A.C. is heated, It
| appears that barium oxide gets moist during grinding and handling
because of the ease w:l.th which it absorbs moisture from the atmos
phere, It is most likely, therefore, that the first stage of the
barium oxide and A.C. reaction is due to this cause. . In contrast
,,o-n heating the other oxides on their own there was no rapid gas
evolution.

Tihe reaction of A.C. with cadmium oxide is so fast as to
appear as though an explosion has occurred. It ié impossible to
say from the curve at 171,.5°C whether the reaction has occurred in
two sfeps. However, studies at lower temperatures have confirmed
that the cadmiwm oxidz also reacts with A.C. in two steps sm:xla,r

to the oxides of lead and zinc.

The explosion type reaction between A«Co and cadmium oxide is
found to occux; at a much lower temperature than the reaction of A.C.
with %inc oxide. It was, therefore, decided to check whether the
explosion is prevented by pre-heating the mixture, as was found in
the case of zinc oxide. FICURE 7.16 shows that pre-heating a
mixture of A.C. and cadmiw oxide at.144,5°C prevénts the explosion
at a higher temperature. There is a slight indication with the
preheated mixture of the reaction taking place in two steps, but the
major portiop of the reaction is very similar to the decomposition

of pure A.C.
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The investigation of the early starses of the decomposition

Lead oxide reacts with A.C. in a similar mammer to zinc oxide during
the early stages and the pressure-time plot fits Guggenheim?s
equation for a first order reaction quite we]J.._ The activation
encrgy for the first step of the reaction, in this case, is found |
to be 22.1 k cal mol"'l. The data are plotted in FIGURE 7.17 and

tabulated in TABLE 7.8.

Cadmium oxide also reacts with A.0. in a S:unllar mannex; to zinc
'and lead, during the early stages of decomposition, but it is only
possible to obtain data below 145°C.  Above 145°C the reaction is
explosive and it is impossible to measure the rise in pressui‘e as a
Tunction of time. The ictivation energy for the reaction of A.C.
with cadmium oxide during the early stages is éstimated to be 8.1 k
cal mol . The data are plotted in FIGURE 7.18 and tabulated m
TAGBLE 7.8. |

TABLE 7 .8

Data for the determination of the activation energy for the first

step in the decomposition of an A.C. + oxide (4:1) mixture

Lead Oxide Cadmiun oxide
Temperature | 1 - 103 5 > _

T /K T ki;o In k k x 10 In k
423 24364 15,210 | =1.883 - -
420° 2,381 13.870 | =1.975 - -
418 24392 11,320 | =24179 3.244 ~34428
414 24415 8.951 ~2.413 24932 ~3.530
410 2.439 64778 =2,692 2,624 -=3.641
406.5 2.460 - - 2,380 =3+738
404.5 2.472 - v 2,389 ~34734
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The value of Pgog appears to vary with temperature in the
reaction of A.C. with the oxides of lead and cadmium during the eariy
stages of the decomposition, in a similar way to that observed with
. ziﬁc oxide, = T°BLE 7.9 shows the variation of Poo with temperature,
but the data again is not consistent enough to draw any definite

conclusions.

TABLE 7.9

Calculated values of Peg, the pressure at the completion of

the first stage of the reaction between A.C. and the oxides

of lead and cadmium

Temperature Lead Oxide Cadmivm Oxide
Grinding time F oo Crinding time P oo
/ K /hour /em /hour Jcm
423.0 2 9,03 RS -
420,0 2 7453 | - -
418.0 2 7.88 2 20.68
414.0 2 7.32 2 33.05
410.0 . -2 6.36 2 9.54
406.,5 2 - 2 12,02
404.5 2 - 2 4413
DISCUSSTON

In the present investigation the effects of two types of oxides
on the,decomposition'of A.C. have been studied. The n-type of
oxides such as zinc oxide, lead oxide and cadmium oxide are found
to be more effective than the insulator type oxides such as barium
and magnesium oxides, It is clear that all the n—type oxides

investigatéd react with A.C. in two steps in which the second step
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represents the major bulk of the decomposition., TABLE 7,10 shows
the rate of increase in pressure during the second stage of the
reaction, when a mixture of A.C. with different oxides is heated

- at 171.5°C.

TABLE 7.10

Rates of pressure increase during the second stage of

reaction of an A.C. and oxide (4:1) mixture

Catalyst Temperature Rate
/ ¢ : /em min™t
Cadmium oxide 171.5% 1.500
Load oxide 171.5% 0.095
Zinc oxide 171,5%¢ 0,059
Barium oxide 171.5°% 0.047
Magnesium oxide 171.5°C . - 0.060
None 171.5°¢C 0.052

Although magnesium oxide, an insulator type oxide, shows a
similar rate to the n-type zinc oxide during the second stage, the

former does not develop an explosion at higher temperatures.

The rate of most reactions betﬁeen solid substanées is limited
by diffusion of the reagent through the layer of the.product. In
general, one substance reacts with the other, forming a product,
the thickness of whﬁse iayer continuously increases during the
process, Under these conditions one of the substances (or the

product of its decomposition) diffuses to the3surface of the other
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through the product layer at a rate much less than the rate of the
chemical reaction between the two materials, so that diffusion
totally determines the kinetics of the process74. Since the
reaction of A.C. with metal oxides follows first order reaction
kinetiés during the early stages, it would appear that this
_reaction is not influenced by.the diffusion process. Instead, it

is dependent on the interfacial contact area between the two

particles.

The conclusion that the reaction during the early stages is
a surface reaction is based on fwo observations. Firstly, the
proportion of the first stage of the reaction increases with grind-
ing time. Secondly, the éxPlosion occurring at higher temperatures

is prevented by pre~heating tiie mixture of the reactants.

It alsé appears that electronic factors have some influence
on the mechanism of the catalysis by metal oxides of the decoms
‘position of A.C. It is probable that during the early stages a
surface reaction occurs between the oxides and the A.C, in which
electrons are transferred from the oxide catalyst to the A.C.
Owiﬁg to the absence of electronldonating properties insulatore

type oxides are incapable of catalysing the decomposition‘of A.C.

An interesting feature is apparent in the rates of gas
evolution during the second stage of the reaction between A.C., and
an oxide, shown in TABLE 7.10. Zinc oxide has a similar activation
energyrduring the second stage to that of pure A.C. and the rates of
gas evolution in the two cases are not greatly different., But the
rate with lead oxide is significantly higher and with cadmium oxide

it is explosive. It appears that although the shape of the curve
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obtained during the second stage is the same in all the cases and
resembles closely that of pure A.C., the‘rate is higher. This
increase in the rate appears to be dependent on the reaction
occurring in the first stage. There could be two reasons for
this. Either the three oxides form entirely different products
and these catalyse the second stage reaction to different extents.
Alternatively, there is a production of heat during the early
stages the ﬁra.gnirtuderof whiéh varies from one oxidé fo”another,
and this increaées the local temperature, The first possibility
.is ruled out by the evidence from the pre-heated mixtures that the
products have practically no effect on the second stage decomposi-~

tion.

The heat evolution factor appears the more likely explanation
since the thermogram of the decomposition of an A.C. and zinc oxide
mixture (CHAPTER 6) showed an exo thermic peak, indicating that a
certain amount of heat is given out. It is foulnd that Poo‘ s the
pressure at the completion o.f the first stage, is dependent on the
grinding time (TABLE 7.5). ~The greater the contact area between
the two particles, the higher the value of Pon. In equation (4)
F represents the contact area between tﬁe two reactant pa,rticies.'
If one supposes that Poo is a measure of F, then

the rate of heat production ok P (= AH)
where k is the. rate constant at a particular temperature, and AH
the‘ heat of the surface reaction. The value of AH is uniikely

to vary greatly from one oxide to another,

. The product of k and Pgs , therefore, will be proportional

to the rate of heat production during the early stages. The data °
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obtained at 414 K with the three oxides are shown below:—

¢do PbO Zn0
k Peg 98.6 65.5 2442

It shows that cadmium oxide at this temperature has the highest

and zinc oxide the lowest rate of heat production. The data at‘

418 K and 410 K also show that zinc oxide has a lower.rate of

”‘wiéAt productioﬁ than éither,the oxides of cadmium or lead but the
figures for cadﬁium oxide are not higher than those for lead at‘

-these two temperatures. This may be due to experimental errors
in the Pon - values for cadmium oxide which show a much wider

variation than those for either zinc or lead oxide.

It is believed that thé different rates of heat production
dufing thg early stages increase the local temperéture to
different extents. The highest rate of heat production in the
case of cadmiumroxide brings about explosion at.the lowest tempera~-
ture. This hypothesis_alsé explains why the second stage of the
reaction shows a similar rate to that of A.C. on its own when the

first stage is eliminated.
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CHAPTER 8

THE _INFLUENCE OF ACTIVATORS OTHER THAN METAL

OXIDES ON THE DECCMPOSITION OF AZODICAREONAMIDE

There arc several different types of activators other than metal
oxides which have been used successfully for catalysing the azodi-
carbonamide (A.C.) decomposition. A general outline of these acti-
~ vators and the available information regarding the mechanism of

catalysis have been given in CHAPTER 5.

In this chapter the isothermal decomposition of A.C. in the
presence of the stearates of cadmium, zinc, lead and barium, zinc
octoate, zinc acetate, urea and zinc dust has been studied by
measuring he pressure of the gas cvolved as a function of time.

An attempt has been made to contaminate the A.C. with zinc acetate
at the timc of crystallization to increase the rate of decomposition,
~and the degree of contamination has been detefminéd by chemical

analysis of the contaminated sample.

EXPERIMENTAL

The Materials and the Preparation of Mixtures

The sample of zinc acetate (Analytical Reagent grade) was dried
to a constant weight at 110°C.  The metal stearates and zinc octoate
wvere dried for two hours at the same temperature prior to mixing with

-+

A.C.

All the mixtures, except zinc-octoate, were prepared by grind-
ing the two solids together in a ball mill as described in CHAPTER 6. .
The grinding time was two hours in each case and the proportion of

activator was 20% by weight of A.C.
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The sample of zinc octoate (supplied by Fisons Industrial
Chemicals Ltd., Loughborough) wﬁs in the form of a thick liquid at
roém temperatures The mixture in this case was prepared by the
method used for the preparation of an unground mixture described
earlier. The A.C. used in this preparation was preground for two

hours in a ball nill,

-“The'Prqparation of A.C. Contaminated with Zinc Acetate

A purified sample of A.C. was dissolved in a minimum quantity
of dimethylsulphoxide. The solution was filtered and the A.C.
precipitated by adding ten per cent agueous solution of zihé
acetate., The temperature was not allowed to rise above rooi toii
perature during the additionm, The precipitate was washed with
alcohol, and then with ether, The material was dried wmder vacuum

and stored in a dark coloured bottls,

The Decomposition and The Measurement of Pressure

The decomposition and the measurement of the pressure of the
gas evolved were carried out as described earlier (CHAPTER 7).

L

The Determination of Zﬁ++ in A.C. Contéminated with Zinc Acetate

A 250 mg quantity of the contaminated sample was decomposed at
171.500.‘ The solid products were dissolved in warm 2 N hydro-
chloric acid and filtered. The solution was neutralised with 2 N
sodiun hydroxide and diluted to 100 ml., The determination of Zﬂ++

was carried out by titrating the above solution with 0.01 M

E.D.T.A. solution using Erio~chrome black~T as indicator.
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Tdentification of the Gaseous Pfoducts

The gaseous products other than nitrogen were identified by

infra-red spectroscopy as described ecarlier.

RESULTS AND INTERPRETATION

8.1 THE EFFECT OF ZINC ACETATE

Tt has been found that zinc acetate reacts with A.C. in two
steps_in a similar way to the metal oxides. The second step, which
represents a major portion of the pressure~time plot, is similar in
shape to that of pure A.C. 'Swannlo, who studied the reaction of
zinc acetate with A.C. by measuring the gaseous volume as a function
af time did not find any evidence that the reaction occurs in two
steps. This ﬁay be due to the difference in the exteﬂt of grinding
or due to the lack of sensitivity of the technique eﬁployed. The
general shape of the curve, however, resembles closely the one

obtained in the present investigation.

The catalytic effect of zinc acetate on the early stages of
the decomposition of A.C. at different temperatures is shown in
FIGURE 8.1, The rate §f the first step increases as the temperature
increases and at 171.500 it develops into an explosion, At this
temperature the two steps no longer remain distinct. At lower‘
temperatures the curve during the first step appears to be iS'
shaped most probably becausc some time is taken for the reactants
to heat up. But if an allowance is made for this time lag, the

curve becomes deceleratory as was found with metal oxides (CHAPTER 7).
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8.2

At the lowest temperatures (below 16000), the second stage of the

reaction is so slow as to be hardly detectable.,

THE EFFECT OF METAL STEARATES

The effect of different metal stearates on the decomposition of
A.C, at 163°5°C is shown in FIGURE 8.2. Although the two stages of
the reacticn are not well defined, thers is & clear indication that
the reaction has occurred in two steps. The curves are similar in
shape to each other, but they differ from those of the oxides.
After the completion of the first stage, the curve becomes_slightly‘
acceleratory. The acceleratory period of the curve is difficult to
explain w:less the full mech&mi&n of the reaction during the first
.stage is «stablished. It is possible that during the first stage
of the reaction some water is formed, which reacts with the iso~.
cyanic acid vapour to produce ammonia and carbon dioxide.

HeN = C = 0 + HO —> co, + M

2 3

The occurrence of this reaction is supported by the fact that
the gaséous products contain carbon dioxide, and also by the fact
that the total pressure of gas evolved is found to be considerably
higher than normally obtained. Ammonia formed in this reaction is
not detected in the gas phase, This is undoubtedly because it

reacts with iso=cyanic acid to form urea.

Owing to its poor definition, the exact shape of the curve

during the first step of the decomposition is not known. In an

attempt to resolve the first stage, the effect of temperature on

the early stages of the decomposition of an A.C. and zinc stearate
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8.3

844

mixture has been studied. The results are shown in FIGURE 8,3.
The rate of the reéction during the first stage increases as the
temperature increases, but the shaperis still i1l defined at all the
temperatures, It is believed that the second stage of the reaction
starts before the first stage termmates, thus preventing th.e first

step from being observed separately,

THE EIFFECT OF ZINC OCTOATE

The working range of a mixture of zinc octoate and A.C. is
found to be much lower than that of a mixture of any of the other
materials with A.Cs At a temperature higher than 14400, the gas
evolution is so fast that it appears as though an exploéion has
occurred. A plot of gaseous pressure as a fimction of time ét
three tomperatures is shown in FIGURE 8.4, The decomposition
curve shows that the reaction occurs in two stages, but a major
portion of the curve differs in shape from the curves obtained with
the oxides. It is similar to thosc obtained with the stearates and
therefore can be explained similarly. The gaseous products, in
this case, also contain carbon dioxide in the same way as with the

stearates.

THE ETTLECT OF UREA

The catalytic effect of urea on the decomposition of A.C. is
shown in FIGURE 8.5, From the curves it appears that the reaction
takes place in two steps. Urea itself decomposes at 132°C and

liberates iso=cyanic acid and ammonia,
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HN, COs NH

” s —— H=N=C=0-+M

3

Some of the iso-cyahic acid ma&'polymerize to form cyanuric
acid and cyamelide, leaving free ammonia in the system, It is,
therefore, difficult to decide how much.pressure has been developed
in the first stage from the gaseous products of the urca and A.C.

- reaction, because a significant proportion of the total gas nust
have been contributed by the gaseous products from the decomposition
of urea itself, The percentage of the first stage is temperature
dependent.,  This may partly beldue to the differencelin the extent
of the decomposition of urea at different témperatures, and partly

due to the reaction of urea with A.C.

It has been found that although the shape of the second stage
of the A,C, and urea rcaction is similar to that of the seccond
stage of the A,C, and metal oxide reaétion, the rate in the former
is even slower than that of pure A.C. This suggests that under the
present experimental conditions the overall reaction is not accelerw

ated by urea.

8.5 THE EFFECT OF ZINC DUST

FIGURE 8.6 shows the effect of pure zinc dust on th; decomposi~
tion of A.C. at 171.5°C.  The reaction proceeds in a very similar
manner to that of pure A.C. and there is no indication that the
reactionﬁhas occurred in two steps. The main part of the curve has
a very similar shape and rate to that of pure A.C. It ié concluded
that zinc dust does not react with A.C. and thus shows no catalytic

effect.
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8.6 THE IFFECT OF CONTAMINATING A.C. WITH ZING AGETATE

During the preparation of A.C. contaminated with zinc acetate,
it was observed that the colour of ti1e solution became dark. It
was thought that some chemical reaction might have occurred. The
;infranred spectrim of the precipitated material was found to be
identical to that of pure A.C., suggesting no change in the chemi.cal

character.

The decomposition curve of the contaminated sample is shown in
FIGURE 8.7, It is found that the rate of the decomposition at%
171.5°C is significantly higher than that of pure A.C. but there is
no indication that the reaction has occurred in two steps. The

shape of the curve is similar to that of pure ACoe

Owing to the higher rate of decomposition at 171.500, it. was
thought that at a high enough temperature an explosion might occur,
as was observed when the otﬁer activators were mechanically mixed
with A.C. It was found that no explesion ocecurs at 180°¢. Only
an increase in the rate 1s observed. |

The degree of contamination was assessed by determining Zn++

ion content in the contaminated sample, This was found to be 0,51
and 0.49% by weight in duplicate determinations. This indicates
that the sample was only slightly contaminated with zinc acetate and
that the :i.n-crea.se in the rate of decomposition at 171, 5°C vas PIrO=
bably due as much to the change in the mefhod of preparing the sample
and the consequent change in the particle size, as to the contaminam

tion itself.
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GENERAL _ DISCUSSION

The observations indicate that the decomposition of A.C. in the
presence of activators takes place in two steps. This phenomenon

is common to all the activators investigated.

The first stage reaétion in some of the cases is not well
defined, This first stage includes reactant heat-up time, and if
allowance is made for this factor, the shapes.of all the curves are
believed to be similar to those obtained with A.C. and metal oxides,

indicating a surface reaction.

The overall activation of A.C. most probably depends on the
nature of the reaction taking place between A.C. and an activator
during thc early stages. The secoad stage represents the major
portion of the reaction between A.C. and an acti#ator, but:the exact
rate of decomposition during the sccond stage is difficult to deter-
mine because the shapes of curfes are different for different
reactions, and the kinetic mechanism of the decomposition is wnknown.,
TABLE 8.1 shows the rate.of the pressure increase from 3.5 to 5.0 cm
during the seccond stage of the reaction for A.C. and different

activators.
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TARLE 8,1

Rate of pressure increase in the second stage of the reaction

Catalyst Temgérature cmR?t;in
Cdwstearate 163.5 : 0.500
Pb-stearate 163.5 . 0,200
Zn-stearate 163.5 - 0.070
Ba~stearate 163.5 0,023
'anoctoate 163.5 | 1,500
n-acetate 163.5 0.027
In-dust - 163.5 0.027
Urea . 163.5 0.003
None 163.5 ©0.027

Zinc octoate is the most effective catalyst of all the
materials studied. Its mixture with A.C. has the highest rate of

gas evolution and explodés at the lowest temperature,

It has been found that urea has practically no catalytic effect
on the decomposition of A.C. = The reason may Be that the urea de-
composes fast and forms iso-cyanic acid as one of the products.

The latter polymerises into cyanuric acid and cyamelide, which
cover the surface of the A.C. so that the interfacial contact
between A.C. and the remaining portion of the urea particles is

lost, thus making the urea ineffective.

If one compares the activities of different stearates, the
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metal ions are in the following order of activity
¢cd > Pb > Zn ) Ba

Na,ss60 also found that cadmium salts are the mcst effective and

barium the least, when he comﬁared the catalytic activities of the
salts of different metals, His theory for this order of activity,l
that the activating effect by these me&als proceeds via the forma
tion of the intermediate metaliic azodicarboxylates, does not seem
likely in this case because it supposes alkaline hydrolysis of A.C.
as the first step in the mechanism (CHAPTER 5)., Other worker562’63’64
have also found that the salts of cadmium and lead are comparatively
better catalysts in the decomposition of A.C. than the salts of other

metals,

The reason for this order of activity is not yet clear. When
the reaction takes place at the interface between the A.C. :nd the
activator, a barrier of solid product is sct up bétween the two
during the early stages of the rcaction. The rate of the second
stage may depend on the nature of the barrier and-the diffusion of
the reactant through the barrier. But the work on the metal oxides
suggests that the first step follows first order reaction kinetics,
which indicates thaﬁ the reaction is not influenced by the diffusion
process., An altemative explanation may be that the amount of heat
production during the first step reaction between A.C. and cadmium
stearate'is higher than that with A.C. and any of the other stearates,
The liberation of a greater amount of heat raises the local tempera~
ture and accclerates the reaction to a greater extent. The rate of

heat production depends mainly on two factors -~ the rate constant
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of the surface redction occurring during the early stagés and the
interfacial contact between A.C. and activator particles (see
CHAPTER 7). The reason for cadmium stearate being more effective
than others may be that either the rate constant is higher, or the
interfacial contact arca is greater., In the case of metal oxides
it has been found that the increase in the grinding time increases
the proportion of the first stage, or in other words, the magnitude
of the first stage is proportional to the interfacial contact area
between A.C. and activator particles, In the reaction of A.C. with
metal stearates, the two steps are not well defined (sce FXGURE 842)
so the relative magnitude of the first stage reaction in the case

of different stearates is difficult to comparc. But zinc octoate
being a liquid, for example, almost certainly has a higher inter-
facial contact area with A.C. than do any of the solids and this

could explain why it shows great effcctiveness as a catalyst,
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 CHAPTER _ 9

CONCLUSIONS AND RICOMMINDATTON TIOR

T'UTIRE  WORK

The overall picture vhich emerges from the present investigation

is as follows:

PART T

On decomposition azodicarbonamide (A.C.) forms four major solid
products, némely, urazole, biurea, cyanuric acid and urea, and a
small quantity of cyamelide. The gaseous product consists of
nitrogen, carbon monoxide, isowcyanic acid and ammonia., Whether
iso~cyanic acid or ammonia remain at the end of the reaction depends
on whichever is formed in excess, which in turn.depequ on the

temperature of decomposition,

A.C. decomposes by the following two primary processess

(1) 2 NHZ' C0. N s N, CO. I\‘Hz —_— NHZ' CO. NH. NH. CO, NH2 + N2 4+ 2 HNCO

Biurea

(2) 2 Niyo €Oy Nz No €O Ny —> H = N = N = H + N, + [ HNCO + Ni

2 2 3

b
N/
N —> NH. .CO . NH ]+ HNCO
) — 2 2
H

iy
Urazole Urea

Major portions of the, iso-cyanic acid, biurea, urazole, urea and
nitrogen are formed via these two processes, . In addition, the

following secondary reactions occur in which either new secondary
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products or the same products as result from the primary processes,

are formed.

(i) Iso=cyanic acid polymerises to form cyanuric acid and
cyamelide.
(ii)  Iso~cyanic acid reduces undecomposed A.C. to form carbon

‘monoxide along with biurca and nitrogen.

iii) At higher temperatures‘(above ~180°C), biurea decomposes to
) P
form urazole and ammonia. The ammonia, produced in this

reaction,reacts with iso-cyanic acid to produce urca.

PART 2

The activation of A.C. occurs by way of.an initial surface
reaction between A.C. and the activator. This initial step occurs
more readily aﬁd has a lower activation energy than the decomposition
of pure A,C, In the decomposition of an A.C. and zinc oxide mixture
the first step represents only a small fraction of the total reaction,
The exact magnitude of the first step depends on the.extent of the

grinding and compression together of the two components.

-,
r

The decomposition of an A.C. and activator mixtﬁre is an
exothermic process. The heat liberated in the first step increases
the local temperature aﬁd accelerates the decomposition raté. The
rate of heat production varies from one activator to ancther and
different degrees of activation result. This rate is dependent on

two main factors = the rate constant of the surface reaction
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1.

occurring during the early stages, and the interfacial contact area

between the two reactant particles.

The catalytic efficiencies of the oxides and the stearates of

four metals investigated are in the order
Cd :> Pb :} Zn.>> Ba,

The estimated rate of heat‘produbtion during the firstlstep
reaction of A.C. with the oxides of the first three metals is in the
Same ordcf (with Earum oxide, the rate of heat production was
imp&ssible to estimate)., This suggests that the rate of heat produc-

tion in the first step of the reaction of A.C. with an activator

determines the catalytic efficiency of the activator,

RECOMMENDATION FOR FUTURE WORK

The present knowledge of the mechanism of the catalytic decom~
position of azodicarbonamide (A.C.) is inadequate. An attempt
should be made to learn more about the nature of the first step
reaction between A.C. and an activator., To investigate the first

step of the reaction, the following methods are recommended i=

(i) A complete analysis of the gaseous and.poésibly the solid
products, formed during the carly stages of the reaction
of A.C., with an activator, should be carried out.
The gasecous products could be analysed by the method employed
in this investigation by using an increased sample weight.

~ AMlternatively, the analysis could be conducted by vapour phase
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2.

chromatography, using a 'silicone® column, on which isom

cyanic acid can be resolved successfully.

(ii) An clectrommicrograph of the partially decomposed material
obtained during the early stages should be taken. This
would provide the information regarding the physical state

of the reactant and product particles,

. The catalytic effects of n—-@pe and insulator type oxides have
been studied in the present investigation. To learn whether the
electronic factor has an influence cn the mechanism of catalysis by
metal oxides, the effects of other types of oxides should be studied.
An investigation of the effect of nickel oxide, and =zinc oxide doped
with the oxides of gallium and lithium would provide some instructive

information.
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APPENDIX T

The tslope? has been calculated by using the following
equations

_EXIY
zxy- £X

2
> (IXx)
ZX‘T

Slope =

vhere X and Y are the two variables along the two

AXCSe
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