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Summarx

A study has been made of the parameters affecting chemical
reactions in a microwave discharge, Emphasis was placed upon
investigating the pqssibility of promoting selective reacticns
and their application to chemical proceasing.

An attempt was made to produce hydrazine in an ammonia discharge.
Flow rates, pressures and power inputs in the reactor were varied,
Hydrazine was not detected under the experimental conditions
investigated, Hydrogen and nitrogen were found in a constant mole
ratio of 3:1. The formation of NH radicala in the microwave discharge
of ammonia was postulated,

The reactions of gaseous benzene in the microwave discharge
have been studied, Acetylaﬁo, 1,3-hutadiene and diphenyl were the
major products., The presence of nickel in the benzene discharge
promoted thq conversicn of benzene to diphenyl. In discharges of
mixtures of benzene and carbon dioxide, the benzene molecule was
protected by tha carbon dioxide. In mixtures of benzene ahq_ammonia.
the discharge prroducts were almost entirely amino-substituted
‘derivatives of azobenzene,

The cyclohexane discharge yielded propylene and butene-1 as the
major products, The presence of nickel in the discharge promoted
tha reaction to prbpylene whilst hindering the formation of butene=l,
This effect was also found in dischargea of mixtures of cyclohexane
and carbon dioxide,

In concluaion several systems have beeg studied in the microwave

'discharge. Evidence was found of the abiii£§ f6 ﬁiomota éeftain

e L f
reactions by influencing the discharge charaéfﬁ?istics;?‘A-botentially
important process, 1,e, the production of darivatifes of‘gzobenzene,

was noted,



ACKNOWLEDGEMENTS
The author wishes to thank the following:
Professor D.C, Freshwater for his interest and
encouragement] Dr. B.W, Brooks for aupqrviaing this
ressarch; Miss M.H, Neal for typing the thesin; the
tochnical staff; the Science Research cQuncil for

their financial support,



Section

1

2

Contents

Introduction

The Physical Nature of Electric Discharges

2.1,
2.1.1.

S 2.1.2,

2.1.3,

C 2.2,

2,3.

X 2.3. 1.

2.3.2,

The d.c¢. Glow Discharge ,
Breakdown Conditions for the d.c., Glow Discharge
The Repions of the d,c¢. Glow Discharge

The Positive Column

The RElectric Arc

A.C. Discharges

Radio~Frequency and Microwave Discharges

Pulsed Microwave Discharges

Collision Theory

3.1,
3.1.1.
3.1.2,
3.2.
3.2.1,
3.2.2,

Elastic Collisions

Mean Free Path
Collision Cross-Section
Inelastic Collisions
Excitation

Ionization

Basic Discharge Reactions

4.1,
4.2,
4.3,
4.4.
4.5,
4.8,
4.7.

Ionization hy Electron Impact

Atonm Transfer

lon-Molecule Reactions

Charge Transfer Reactions
Electron~lon Recombination Reactions
Excitation of Ions

Pres Radical Reactions

Some Examplea of Systems Praviously Studied

5.1,

5.1.1.
5.1,2.
5.1.3.
5.1.4.
5.2,

5.2.1,

Inorganic Gases in thé Electric Discharge
The Hydrogen Discharge

‘The Nitrogen Discharge

Polyatomic Gases

Mixtures of Gases

Organic Vapours in the Electric Discharge
The Methene Discharge

L]

10
14
14
17

22

23
25
27
27
30

33

33
34
34
35
36
36
36

40

41
42
43
44
45
46
46



5.2.2.
5.2.3.
5.2.4.
5.2.5.
5.2.6.
5.2.7.

The Production of O-containing Compounds
The Formation of Hydrogen Cyanide
Polymer Production in the Discharge
Methanol

Baturated ce Hydrocarbons

Benzene

The Choico, Operation and Testing of the Microwave

Equipment
6.1, Choice of Electrical System
8,2. Description of Microwave Equipment
8.3. Preliminary Testing
Reactor -Desien
7.1, Types of Reactors
- 7.1.1, Steasdy-State Plug Plow Reactor
7.1.2, 3teady-State CFSTR Reactor
7.2, Residence Time
7.3. Limitations Imposed by the Cavity Design
7.4. Balectivity and Preservation Problems
7.5, Type of Reactor Used in the Present Work

Choice of Systems for Investigation

8.1.
8.1.1,
8.1.2.
8.1.3.
8.2.

Scouting Experiments

The Mothanol Discharge

The n-Heoxane and Cyclohexane Discharges
The Benzene Discharge

Conclusions

The Application of the Microwava Discharge to the

Production of Hydrazine from Ammonia

g.1.

2.1.1.
9.,1.2,

9.1.3.
9.2.

9.3.

‘Investigations of the Ammonia Discharge from

the Iiterature
Basic Decomposition Processes

Invesfigations of the Paramoeters Affecting the
Yield of Hydrazine

Commercial Systems for Production of Hydrazine
from Ammonia '

Analytical Techniques for the Determination of
Hydrazine

Experimental Details

57
57

58
g5

87

67
67
€9
70
71
74
75

78

79
79
79
81
83

85

87
87

23
95

97
100



10

11

9.3,1, Simple Flow System
9.3.2. Investigation by On~line G.L.C. Analysis
9,3,3. Invesatigation by Analysis of the Condensed

Products
0.4, Temperature Profile in the Ammonia Discharge
9.5, Experimental Results : Ammonia Studies

9,5.1. Discussion of Results : Ammonia Studies
9,5,2. Interprotation of Results ¢ Ammonia Studies

Some Reactions of Benzene in the Microwave Discharge

10.1. Experimental Detalls : Benzene Studles
10.2. Experimantal Results : Benzene Studies

- 10,3, Discussion of Results : Benvene Studies

10.3.1. Benzene Alone : the Low Boilers

10.3.2, Benzene Alone : the High Boilers

10.3.3. Benzene and Nickel Wire ¢ the Low Boilers
10.3.4. Benzene and Nickel Wire : the High Boilers
10.4. Visual Obsarvation of the Discharge

10, 3, Interpretation of Results : the Low Bollers
10,5,1, Interpretation of Results : the High Boilers
10, 6. Reaction Profiles of the Volatile Products
10,7. Hydrogen Balance

10,8, Benzene end Carbon Dioxide

10.8. ). Discussion of Results

10,8,2, Interpretation of Results

10,92, Benzene and Ammonia

10.9.1, Discussion of Results

10.9.2. Interpretation of Results

10.10. General Observations : Benzene Studies
10,10. 1, Energy Yields

10.10.2.Conclusions

Some Reactions of Cyclchexane in the Microwave Discharge

11,1, Experimental Details ; Cyclohexane Studies
11.2. Experimental Results : Cyclohexane Studies
11,3, Discussion of Results : Cyclohexane Studies
11,3.1. Cyclohexane Alcne

11,3.2. Cyclohexane with Nickel Present

11.4, Hydrogen Balance

11,5, Visual Observations

103
108
112
113
113
115
127
127
129
131
131
131
133
133
134
134

‘137

140
140
141
141
142
144
144
145
149
149
150
134

184
184
186
186
187
188
189



11.6.

11.6.1,

11.6.2,

11,7,
11.7.1,

11,7.2.

11.8-
11,9,

Interpretation of Results : Cyclohexane Studies

Mass Spaotroﬁetry and Radiolysis Data from the

ILiterature

Interpretation of the Microwave Discharge
Results ‘ '

Cyclohexane and Carhon Dioxide

Discussion of Results : Cyclohexans to Carbon
Dioxide, 2:1

Cyclohexane and Carbon DHioxide; 1l:1 and
Carbon Dioxide in Excess

Interpretation of Results
Conclusions : Cyclohexane Studies

12 Comparison of the Benzene and Cyclohexane Discharges

12.1,
12,2,

Appendix A

Appendix B

Bibliography

' General Conclusion
' Proposals for Further Work

Reaction Profiles : Complex Neactions

Temperature Profiles of the Benzene and
Cyclohexane Discharges -

g

189
189

181
197

197

198
198
200

214

214
215

217

219

221



INTRODUCTION



Introduction

For & number of years the elactric discharge has been
acknowledged as a ready source of highly excited atoms and

molecules, Intereat has been mainly concerned with atomic and

_Sub-atomic phenomena rather than the development of commercially

viasble processes, In fact the production of ozone is still the
only widely used commercial process developed from electiric
discharge work, However, evidence is now available to show
that the electric discharge can competa with conventional methods
in the manufacture of specialised chemicals, This 1s essentially
because discharge reactions are usually fast ona~stage processes
compared with the multi-gstage processes of normal chemical
tachniques, This applies not only to organic but also to
inorganic synthetic chemisatry,

With the prospect of cheaper electricity frqh nuclear power,

the eleotric discharge method will be much more compatitive

"cdﬁmeréially in the near future, It i3 this view that has

stimulated new interest in discharge phenomena;



THE PHYSICAL NATURE

OF ELECTRIC DISCHARGES



2.1;

26 1; 1'.

The Physical Nature of Electric Discharges

Electric discharges can take place over & very wide range

I2 to 1°+6

of gas pressures and carry currents ranging from 10
amps, They may be steady-state processes or transients of
very short duration, Thescharacteristics of a particular
discharge dépend greatly on the electrical parameters such aa

applied voltage, frequency,electrode material etc,

The d.c. Glow Discharge

A'typical voltage=current plot of a low pressure d.,c, flow
discharge is shown in Fig;1. In the initial portion of the
voltage-current curve, A = D, the current is very low and thus
the concentration of excited atoms and iona is so low that the
deactivation processes resulting in the emission of light are
not visible in the electrode gap. Hence the region is called
the dark discharge region, Chemically the region is not of
great interest as the energies involved are small, .

The transition into the visible discharge region, F - I,
is shown by a sharp inc¢reasea in the current and a voltage drop.
The discharge i3 also self-sustaining, If the gas pressure
is under about 25 mm Hg the discharge is called a glow discharge.
At higher pressures the discharge appears striated and is
called a silent discharge, If in this region curved electroded
are used, a non~homogenecus field is set up near the electrode
surfaces end the discharge plasma concentrates ;n this region

forming a corona discharge,

Breakdown Conditions for the d.c. Glow Discharge

The transition to the glow discharge occurs when the applied

1

voltage is sufficient to ionize the gas, Townsend investigated
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Figure.l A Typical Voltage-currenf Plot of the Low Pressure d.c., Flow Discharge



the point of breakdown fully. The ijonization was assumed to
be entirely due to the electrons and thus the electron energy,
which i3 determined by the field strength, was the controlling
factor in breakdown. Townsend introduced an ionization
coefficient, @, which he defined as the mmber of ionizing
collisions made on averasge by en electron in travelling one
centimetres in the direction of the electric field. The
ionization coefficient i3 therefore related to tﬁa electron
collis1§n crosg=-section of the gas molecules and also to the
mean energy gained by an electron between collisions, The

mean energy gained is given by

mean energy per slectron = B el

where E = field strength, volts/cnm,

A = mean free path of the electron, cm,
ez = e\ raant (}:\mr 2
The number of collisions of any kind the electron undergoes

is devendent on the pressure and therefore, from the definition,
@ is also propertional to the pressure,

Hence
a = p2? (E e)\) at constant temperature

where £ is some unknown function.

leo.
A< (-Il;) at constant temperature

thus,
Ee
a = pPF{ p)

where F i8 a numbar function to f, or

a 4313.
5 = (p)
where, hgain 4)15 g function similar to ¥, £.

Experiments hava shown the last relationship to hold over a wide

range of E and p, Townsend(l) derived an approximation for 4)



and found,

o -B/Ep

-]-)- n Ae
in which A and B are constanfs depending on the gasrusad;

To éllow for the secondary emission of electrdns by electrode
processes, wansendtl) 1htroduced a second ioﬁization céetticient.
\é. ’fhs value of Kdépenda on the nature of the gas ahd the
electrode material. Values of the order of 10-2 are common,
Gemerally X 1s taken as representing all the secondary electron
pfoducing processes sﬁch as the phéfoelectric emissioh'gt fhe
cathode, |

(2) getined a

Using these icnization coefficlents Townsend
criterion for the point of breakdown of the gas where,

,E‘aad = 'ﬁ + 1 d being the electrode spacing

as ‘6'f= 1

ad

\6.6 e 1
This is sometimes called the Townsend criterion, Experiments
have largely justified the criterion but it does however refer
to a steady-state condition which is difficult to attain
experimentally.

(1)

_Paschen considered only the gas pressure and electrode

spacing in developing an expression for the breakdown voltage,
Vh. He proposed,

Vg = £ (pd) at constant temperature
To avoid the restriction of constént temperature the equation
was modified to,
v, = £ (ad)
n being the gas concentration which defines tho mean free path

whatever the gas temperature. The functions £ and g1 based on



@ have been derived in several forms but with a limited
vﬁlidity. The most important finding, however, of Peschen's
lew 43 the minimum found in plots of VE against pd, This
minimﬁm.has a unique Qalﬁe for eny combination of ga§ and
electrode material.. Tha minimum in ‘the curve corresponds to
the minimum potential at which breakdown is possible. This is

usually of the order of several hundred volts at pressures of

ebout 1 mm Hg. The minimum is present beceuse at pd<1(pd)min

the number of collisions by an.eléctron crossing the electrode
gép is less.and fhus thelprobability of 1on1za£ibn ﬁaf céliision
is ﬁighér as the alectron energies are higher. For pd:’(pd)min_
the reverase h!.:)lds.. Examples are shown in Fig, 2.- |

| Tﬁe sé*called Paschen cufvas are greatly changed'by the
additicn éf small amounts of a dif!erént gas to the system. A
well-~known case is the addition of argon to neon, The neon
breakdown voltage is greatly reduced due to the metastable neon
atoms causing icnization of the argon by the Penning effect.

The application of a voltage greater than the breakdown
voltage causes the production of a number of primary electrons
which produce secondary elecfrona leading to an electron
avalancha, A time lag exists between the application of the
required voltage and the breakdown of the gas. The time lag
is usﬂaily considered in two parts; one is the time which
elapsges until\a primary electron appears which initiates
breakdown, the statistical time lag, This is dependent on the
number of primary electrons produced per second from the cathade
or in the gap, The other component is the time taken for
breakdown to develope following thoe appearance of the successful

aloctron, the formatative time lag. This depends on the transit
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2.1.2,

time of a positive ion from the anode to the cathode, Both
compenents of the total time lag depend on thé excess voltage
applied above the breakdown voltage, As tha applied voltage
decreases to the breaikdown voltage, the time iag inereases,

At values of pd above the minimum found from the Paschen
curves, the breakdown voltage increases almost lineérly with pd.
Consequently, the field strength at breakdown depends only on
ps @.g. 33 kV/cm for breakdown in dry air at atmospheric pressure,
It 1s only at very high preasures that Paschen'’s law is not

followed(a).

k(a) have shown the space charge to be

Experimants by Mee
of greater importence mgs the bressure increases, If the space
charge bacomes larpge enough, the increased field causes auxiliary
fonization, This resulta in streamers in the discharge, Also at

high pressures the breakdown voltage depends liftle en the

olectrode material,

The Regions of the d.¢. Glow Discharge

Varying conditions exist in the different regions of the
discharge, and these are determined by the voltage, electric
fiold, and charpe density, see Fig. 3., The voltage across the
cathode region of length dc, from the cathode to the anode end
of the dark space i3 known as the cathode fall; usually of the
order of several hundreds of volts, A relaticnship exists
hatween the cathode fall and the breakdown voltage for a
specified system of electrodes and gases, The cathode fall is
independent of the discharge current or pressuféléﬁéﬁis a
function of cathode material and the gas only, It alsco
constitutes the mejor part of the total voltage drop. The

length, d¢, of the region however, does depend on pressure, and
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2.1.3.

&ééteuses proportionstely with increasing preésu#é.  _ 

'The anode fall is approximately equal to ths-ioniznfibn'
potéﬁtiql ot tﬁe.gas and occupies a region a-iéw nillimeters
from the andda; The voltage drop across this region 1s found
from the product of the field strength and tha langth of the
positive column. o | |

The current density hes been shown to vary with the square
of the gas préssure“and is a_conétaﬁt for #lsﬁécitiﬁ gas -
electroda ‘gyateﬁ. | |

| The positive column and the cathode fall gegions are the

places'of chemical reaction. Hawevar. the greater volume of
the poaitive colum means the overall reaction rate'is.éontrolled
by the positive column even though the highest rate of reaction

per unit volume is found in the cathode fall region,

The Positive Colum

(4)

Von Engel and Steembeck have derived a theory which

‘presents a qualitative view of how the electric field strengtho.d

@lectron témperature vary with'fhe pressyre and réactén dimﬁnsions.
In & stable discharga tha electfbnh i&st.by diffusion to the

walls are replaced by ionization of neutral gas particlea. The
1onization rate 1s determined by the tield atrength Ven Engel
and Staenbeck postulated that under staadywstate conditidns the
radial electron diatribution at any point alung the positive

column is described by a Bessel function.

noong o(ré\_
whera

1, 2405 ,j?_i_

N B Dy

o= x¥% &\%robz (‘Q_B\\\_,\c, _

10



n, = electron density at the centre of the tubse.

R .= the tube radius.

NVi = ionization frequency.

and QA m  ambipolar diffusion coefficient,.

The equation defines tha conditions for maintaining ihe electron
density profile with constant n. The diffusion length,/) , gives
a moasure of the distance an average electron wili travel in a
volume before it produces ¢ne new charged particle,

At pressurea of less than 10 mm Hg the electron mean free
path is large enough for the @lectrons te gain appreciable
energy between collisions, .The result of elastic coliisions is
to fandomize the electrons and this gives thé elect?ohs an
effective temperature much higher than that of the gas, Electron
temperatures of up to 50,000°K are not unusual for pressures of
less than 1 mm Hg. The lower the pressure, the lass.is the
rest of the gas affected by the discharge and at very low
pressures the gas temperature is not much ahove the ambient.

The electron energy necessary to maintain the ionization
rate has been shown to be solely a function of p[\ or pR for
a particular gas. Examples of electron energles are éiven in
Fig. 4a, However, it should be noted that the theory that
predicts the dependence on pf\ or pR does assume a Maxwellian
distribution of electron energles and &lso does not take into
acecount electron-ion recombination in the gas, electron attachment,
or ionization in stages, A unique curve of E/p versus R/p is
obtained for a particular gas, Curves for hydrogen, nitrogen, and

air are showmn in Fig. 4b,

11
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Figure 4a Indication of the Variatioﬁ of Electron Energy for
o Various Gases

*
N~

(\* is related to the Townsend energy factor q by a dimensionless

factor, ¥, which is usually close to unity., By assuming a particular’

gas temperatufe, the mean electron energy can be calculated from,

mean electron energy = r\%kT

12
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2,2,

2,3.

The Electric Arc

The electric arc diacharge is sustained mainly by the
thermionic emission of electrons from the cathode, in contrast
to the glow discharge, The most characteristic foature of an
arc is the low value of the cathode fall, usually about ten
volts, Tha.current density in the gas and at the electrode

surfaces 1s also very much higher than in a glow discharge.

.Current densities of up to hundreds of amps per sq. cm, in the

gas phase and up to millions of amps per sq, ¢n. at fﬁé_
olectrode are not unusual., The gas also attains high
temﬁeraturea, 5,000.to 50,000°K at high-pressures. At low
pregsures_the gas temperature may he little abovo ambient,
| The electric fisld astrength varies considerably‘with the
current at g fixad pressure, see Fig. 5. Thisg is 1n§icateﬂ by
en increase in gﬁs tampefature with increasing curran; flow.
The éﬁrreﬁt densityiis proportional to thelproduct-or the
electronﬂdensityiand.the field strength, 1.e,

J1$£n E E & J/n

With increasing current, J increases resulting in a rise in

" the gas temperature, However, n increases exponentihlly with

increasing gas temperature, result;ng in a decreasing field

atrength,

A.C, Discharpes

The charscteristics of an a.c. discharge depend very much
on the frequency of the discharge. At low frequencies, < 100 ¢/s,
the discharge is aimilar to the corresponding d.c, discharge.
Breakdown takes place at the heginning of each half-cycle of
current, Because of thé Jow frequency the ionization in the

discharge path has sufficient time to reach a low level before

14
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the voltage builds up in the reverse direction., Essentially

this meana the discharpge 1s extinguished at each point of zero
current, - Further breakdown depends on the voltage applied

after the zero current point,  The voltage howevor depends on

the current end thus there is a variasble componeont, the
regstriking voltage, which is dependent on ths number of lonized
species left in the discharge path from the previous discharge
cycle, The stability of the low frequency a.c. discharge

¢épends greatly on tha overall electrical circuit. A capacitor -
rasistance neotwork is more likely to give a atablo discharge than
a purely resistive circuit. The alectrode material also

displays a great influence on the stability of the discharge

due to differences in "recovery" time. Tor instance carbon
electrodes give a more stable discharge than, say, copper due to
their longer "recovery" time, If the electrodea are of
diffaring materials the breakdown in each half-cycle will be
different,

As the frequency is increased the discharge cannot adjust
to the repid changes in current flow and so the discharge
conditions tend to a mean i,e, with increaaing current the
discharge conditions are appropriate to a smaller current than
actually flowa, and vice-versa,

At frequenclies of > few ke/s the degree of ionization in
the gas is nearly constant, This means that breakdown is not
required af the beginning of each half-cycle, Hence ihe
discharge is much more gtable., At these frequenciles there 1is
often‘llttle difference between an arc and a glow discharge,

As the frequency is'still further incresased to the Mc/s

region,-the discharge current is independent of electrode

18



processea ag the alectron anmplitude is legss than thé discharge
Jength unless at very low pressura, Consoquently, it ts the
diffusion theory of breakdown which is applied, The electrons
are produced. entirely in the gas phase, 7The current may use
glectrodes or may be an clectrodeless arrangement as in the
ring or toroidal discharges. Though these types of discharpge
are better known in high temperature plasma experiments, a

stable discharge can be nmaintained at low power.

2.3.1, Radio-Fraquency and Microwave Discharges

The more recent.forms of the electrodaless discharge
involve the use of a microwave or radio-~frequency power source,
Again the electron production takes place entirely in.tﬁa gas
phase, At radio~froquencies the power is transferred to the
gas phase by either an inductive of a capacafive coupling, At
micréwave frequencies efficient powsr transferonce is achieved
by using a resonant cavity oxr by péssing the discharge tube
directiy through a section of wave guide, Tho power gain from
the field can bo calculated from the equation,

‘ 2
2 esz.}:‘.2 ( \/ m

P.=m o MnE
‘ 9 *72 + W

whore p 1s the olectron mobility.
<7 n the momentum iransfer collision frequency which is equal

t°\§;?E:E§EEb for the elastic scattering of low energy electrons,

The electric field required to maintain a high frequency
discharge i3 usually much less then that required for breakdown,
and is always lesa than for a corresponding d.c. discharge due
to the asbsence of the ca{hode fall. The conditions for Yhe

o i '

breskdown of the gas andksustaining the discharge are

approximately defined by the diffusion theory, This assumes the

17



major loss of electrons is due to the diffusion of electrons

to the walls of the discharge tube. For a cylinder of radius

r, length d, the general equation from the diffusion theory
reduces to,

2 (?.405 é)
TAN

Romig(s), experimenting with a flow system in a helium r.f

AL

discharge, found the active discharge was decreased and a higher
electric field was needed to maintain a steady-state discharge
in comparison with a static helium r.f. discharge system. The
above equation was modified to account for this,

1, (mz\&_a "’)

[\2 R 2L
where R 1s the discharge radius.,
‘o0d L i3 the discharge half-~length.
The radial electron density distribution is a Bessel function;
the axirl distribution is shown in Fig. 6. An increase in the
linear flow rate, for a tube of fixed geometry, was fouhd to
decrease the value of /\ and move tho maximum electron
concentration downsatream,

The main consequence of the diffusion theory 1s that both
the maintaining electric field and the breakdown voltage vary
with pressure, A plot of the product Eettﬁ\ (Eett is the field
strength corrected for frequency) sgainst p[\ gives » curve
analogous to the Paschen curves for d.c, breakdown when plotted
in similar parsmeters. Various other parsmeters can he used,
such as, |

Eeﬂ[.\'[\p' » Pt Eef:t/p

(6,7)

Brown and co~-workers have found good agreement hetween
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2.3,2.

experiment and theory from measurements of breakdown tielqs in
microwave cavities. fhe breakdown potential curves show a minimuﬁ e
at about 10 mm Hg., for microwave frequencies in dimensions of a

Tew centimetersi The lower the frequency the lower the pressure

at which the microwave breakdown occurs for a given vessel,

Pulsed Microwave Discharges
The aimpie diftuéibﬁ theory aésumea the approach to

‘ : con \ra
breakdown proceeds gradually. Howsaver, discharges obtained by

high frequency pulsesi;::;s that fhe eiecfron density musf grow
80 rﬁpidly that a‘stable state 13 reached during the lifetime
of the pulse, Thus fhe total time lag, the staii#tical time
lag plus the formatative time lag, before breakdown occurs must
be less than the length of the pulse, As found for d.c.
discharges, the‘total time lag decreases when the applied
voltage is increased, It would scem therefore that the shorter
the pulse,_tbe greateg tha.breakdown voltage., Experiments by
several wprkers,(sfg'lp) using gases at pressures up to ome
atmosphere, with pulses of microwave field (f 3,000 Mc/s) of
up to a few u sec. confirmed the theoretical predictions. For
instance, in d;schargea in the rare gases where the formatative
time lag is long, the byeakdown Yoltaga was five times greater
than in a continuous microwave field. The concept of the
breakdown condition being when the electron production balances
the electron loss by diffusion does not apply. The breakdown
condition has in fact been shown to be detqrmined by thé_fiq;d

necessary to build up a certain critical mumber of ion-pairs

within the pulse, Since the energy gained per mean free path is
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A(__,,_?.M- . E
2m \72_._ 0

the number of ion pﬁirs produced by an electron in time, t,
should depend on Eg.t and hence, given constant irradiation of
the gap to reduce the statistical time lag to negligible
proportions, breakdown should occur at constant values of Eg.t.
This has been experimentally confirmed in neon(ll).

However, the breakdown field in polyatomic pgases does not
vary with the length of the pulse and is about the same as the
continuous breakdown field, This may be due to the very short
formatative time lag found for polyatomic gases, Apgain the
concept of the electron gain balancing the electron loss for
breakdown does not appear to held, Instead,the idea that a few
favourable collisions lead immediately to instability end
breakdown. This is feasible at microwave frequencies when
oscillating electrons, swéeping rapeatedly through a small volume
of gas, give a concentration of excited atoms which are
subsequently ionized by further collisions, It should be noted
that at microwave frequencies,~3 x 109 ¢/8, elecirons make
about twenty oscillationa during the half«life of an excited
‘state and thus the two-stage process is teasibie. The experiments

(12)

of Prowse and Lana lend some support to this theory of

two~stage ionization but they are not conclusive,



Collision Theory

1‘ Three types of collisions by electrons have to be considered
i.e,, ela#tic, inelastic and superelastic collisiongv“ln‘qn
~ elastic collis;on the elecérnns simply bounce off the atom or
nolecule losing some kinetic energy but there is no change in the
intermnal energy levels of the atom or molecule., If the collision
is inelastic, a change in the internal state of the atom or
molecule occurs with a consequent loss of the kinetic energy of
the electron. Tha change may involve excitation of the atom or
molecule to one of its characteristic states, or thére.may be
single or mpltipla'iOnization. Generally, in excitation the atom
returns to its ground state very quickly and radiates energy.
However, ébma states may exist for times of the order §£
milliseconds before radiating away the energy acquired in the
collision, These are called metastable states and sometimes
plaey an important role.in gas discharge phenomena. A type ol
collision which is 1nelﬁatic and involves radiation at the
time of the collisién and sometimes électron capture, is
called radietive,

Collisions between excited atoms or between an excited atom
and one in the ground stata; can result in the potential energy
of the excited atom being released as kinetic energy of the
resultant particles; if ionization of ohe of the atoms occurs,
ruch of the avallable surplus energy is carried away by the
ejected electron. Such collisions are termed superelastic. One

1 .
process of special interest in'discharges is the ionization of
. one kind of ﬁtbm by en impact wifh the metastable state of
enother kind, 1.e, the Penning effect., Common molecular pgases,

having an ionization potential of approximately 15 electron
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3.1.

3.1,1,

volts are easily ionized by metastable atoms of the rare gases

{v 16=20 volts),

netastable

Elastic Collisions

The kinatic theory of pases indicates something of the
datatled processes involving individual particles of the gas,
Its application 1s necessary to comprehend the behaviour of
gas discharges where collisiconal processes are all important,

The preasure, p, of a gas arises from tha collisions of the
gas particles with the walls of its contalner and can be expressed

as,

where n = number density or concentration of particles,
n = mass of each particle,

C = root mean square velocity of the particles.,

Using the perfect gas law equation, it follows,

nmﬂ2 V = 3RT

from which the mean energy of a particle is,

2 nv

eC
éubstituting k = R/nV, Boltzmann's constant mean kinetic energy
per particle = 3/2 kT,
At room tempefature, the mean energy per particle i3 about 0.ﬁ4 oV,
Several concepts based on kinetic theory principles can be

put forward to explain the behaviour of gas discharges by

collisional processes,

Mean Free Path

The mean free path, A, of the particles of a pgas is the

average distance which any one travels between collisions. For
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a mixture of gases, the mean free path of a particle of type 1

between collisions with any other type of component particlse is:

N

- 1
b S otk

“r rlr mr
where dir-u §(d1 + dr), d 18 the diameter of the particle
L&ﬁé\ m, = mass of an r-type particle.

For r = 3, the equatéon reduces to,

e s ]

A= otea)?

In a gas discharge, the gas often consists of é single type of
‘neutral particle with a very small preoportion of ions and
electrons., Assuming that ions behave exactly 23 neutral molecules
in elastic collisions and electron - electron collisions are
negligible, then the équation gives the mean free path of an
electron as,

1
p . g e—
a d2

since the mass and diamé¢ior of an electron may-bo'ignoféd when
compared with another particle,

Obviously the expressidns will only give approximate values
es gas particles are not elastio‘spheres of fixed diamater,
Hoﬁever, the expressions may be used to define an e:fective
cross-section for any type of collision, Vhere & particle may
undergo different types of collisions, for example elastic or
1n91asfi§. different values of A\ can always be defined as the
average distances between successive collisicns of each type,
even although the path is not then "free", _

Perhaps the important result is that ) varies inversely as
denaity or, at constant temperature, as pressurs, though this

does not always apply to electrons,
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3.1.2.

Collision Cross-Section

The probability P of a particle making a collision in unit.
distance of its path is asinply the reciprocal of its mean free

path, A. Tor collision by an electron the probabllity P is,

P = l!%}
xd?
where q = ﬂz—-i.e. the cross-section of the particle,

The probability P depends by definition on the concentration n.
Feor this rezson valueg of P are usually quoted for a gas pressure
of & mm Hg and temperaturo 0°C, at which n = 3,56 % 10%% en”3,
This value ia lmown as tha efficiency of tho procoss considered,
the term most commonly applied to excitation or ionization of
gas particles by electrons,

A cross=-section can bo calculated for any type of collision,
For exaﬁpla qy for ionization, 9, for excitatioh or q, for
elastic collisions, The actual value of a cross-section is not a
constant for a particular type of collision; it dopends very
much on the relative kinetic energy of the particles before they
collide. It 1a'therefora usual to expréss cfosa-sections. 6r
collision ﬁrobabilities as functions of energy, see Fig. 7.

The kinetic energy of relative motion of two particles of

masses m, and m, can be shown to be,
m,m
Cp= b ml+: ) vi
1t

whero v, i3 the rolative velocity.
fd
12 my £ m,,

_ 2
Q« ::a%'ln Vr
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3.2.

3.2.1,

for an electron and a gas particle, vr is approximately the
velocity of the electron, since the heavier particles are very
much ¢lower, Therefore, the kinetic energy of relative motion

is essentially that of the electron,

Inelastic Collisions

In an inelastic collision some of the kinetic energy of the
impingsing particle is converted into potential energy. This
energy may be sufficient to excite or ionize an atom. In discharges

the electrén-molecule collisions are of great significance,

Excitation

Excitation can occur when the energy of the colliding
electron Egceads the excitation potential of the atom for a
particular state, Quantum conditions must apply and thus,
linear and sngular momentum must be conserved in the colliasion,
Therefore, the change in angular momentum, p, in the collision
maat balﬁnce the change in the angular momentum of the atom in

its initial and final state, i.e,

Ap = %;-- Ay

where [\ J 15 the change in the principal quantum number. If the
exciting electrons have exactly the energy necessary to excite
the atom to a particular state, they must hit at precisely the
right angle to satisfy the ahove condition, The electron after
the colliision would also be stationary. Obviously the
probability of this 18 extremaly small, The prohahitlity of
excitation, Px, increages at higher electron energies when the
elaectron itself can carry away the excess enargy in a direction

which helps to satisfy the anpular momentum condition. Usually

27



the excitation efficlency, hx' 13 used, where

where Pé ia the collision probability. Typical examples of
hx are shown in Fig, 8,

In atoms having two valency electrons, singlet - singlet
tranékgiigﬁ show a broad maximum wifh thé maximun ﬁrobabiiity or
cross—-section, lying at energies several times the threshold
level for e#citation.' Singlet-triplet transitions can also occur.
In cases where the atoms have weak spin-orbit coupling, the
change in spin in the transition is accomplished by the impinging
8lectron replecing one atomic electron. This happens only in e
narrow band of anergieé; the maxirum probability occurring at
Just above the threshold level, see Fig. 9.

The angular distribution of the scattered electrons after
excitation is very similar to that resulting from elastie
collisions. However, when the electron loses a large fraction
of energy the similarity of the elastic and inelastic scattering
curves is reduced. This is also true for energy losses by
_1on1zation.

‘In certain circumstances it is possible for more than'one
valency electron in the atom to be excited to a higher level,
The total energy of the doubly excited atom may be greater than
the fonization potential of the normal atom. Both electrons can
then revert to the ground stats and emit a single quantum of
eﬁergy, or oné electron falls back to the ground state and the
other electron i3 ejectad from the atom with the ecxcess energy.
This process is called auto-ionization.

Excitation and ionization can also be produced by the 1mpacf

of positive ions or neutral atoms. The cross-section for these
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3,2.2,

processes are much smaller than. for elsctron”impact-except for
high energies, of the order of 200eV and abovae, when the
relative velocity becomes comparable with that of elecfrons.
Momentum must be conserved and thua the threshold energy‘is.no
longer simply the required energy of the electron transition,
'Experimentﬁl valuaes for the threshold energies aré not éasily

obtained,

Ionization

" fonization can occur when the energy of the electrons exceeds
the fonization potential of the neutral atom. Tho usual quantum
conditions are not appliceble because the elactron is ejected
from the atom, The ﬁrobability of ionization per collision, Pi,
risés rapldly as the energy of the elgctrons incréases. The
pnrametér, hi' the 1onizatioﬁ efficiency,

hi"= Pa/ where Pc is the collision: probability

Pc.

1s usually used to express the dependence of the ionization on
tha alectron enorgy. Typlcal exsmpled of h1 are shown in Fig.lO

The excess snergy rogquired to ionize an atom in an excited
state 13 lower than that assoclated with the lonization of an
atem in its ground state, The ionization crosse-section of en
excited atom is also larger dus to the outer electron being in
en orbit of greater rédiua.

12 a gas is sufficiently hot, the random enorgy of an atom
may occasionally be sufficient to ionize another upon collision,
This process is called thermal ionization and is important ih
high pressure arc discharges. The processrwzﬁ not occur in a
singie colliaion, Cumulative ionization i3 possible, where

saveral successive collisions'give sufficient energy, through
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various stages of excitation finally to ionize an atom,
Cumulative ionization can occur with any kind of ionizing
collisions, and can be important at high pressure and temperature,
when collistons are frequent encugh to give a high probability
that an excited atom will suffer a collision during its lifetime,
Tha possibility also remains that the excited atom may deactivate
on collision,

It should he noted that the discussions on excitation and
ionization above relate to experiments carried ocut at luw
pressures, usually < lmm Hg. Their application to systems at
higher preasures and energles requires caution., Howsver,
sufficient evidence is available to show the general trends can be

applied to higher pressures and higher energy regions;
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4.1,

Bagic Diacharge Reactions

The diacharge consists of various excited species, electrons,
radicals, ions and noutral gas molecules, Each of these may be
subjected to collisions from one another, resulting in
desctivation or reaction to give new excited or ionized species,

The various reactions can ba conveniently sub-divided as follows:

Jonization by Electron Impact

Electron capture can occur at low eénergies when a particle
is subject to en electron cellision resulting in the formation
of a negative ion, This ion may then diasociate to pgive a

negative ion and a free radical

AB+eoe —— Aﬁ:\
A+ 8" A" +B

Electron capture occurs at energies in the region of 5-7 eV and

thus is likely to occur frequently in the discharge. Higher

electron energlies may cause the molecule to fragment

spontaneously 1nfo ione,

;/////27 At + B  + e
*m\\\\gb

AB + ¢

B*+A" 4+ e

This decomposition usually oecurs at energles from 10-15 eV,
At even higher electron energies, the impinging e¢lectron may
cause the ejection of a valsncy electron giving a positively
charged molecule which may then frapment to a positive ion and a
free radical, The ionization reactions are particularly
applicable to the low frequency a.c, or the d,c¢, glow discharge,
Two other low energy processes are the attachmont of
electrons to neutral atoms or moiecules without subsequent

frapmentation of the negative ions. Radiative attachment is
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represented by,
@ + AB — (AB")* —~AB" + h
In three body attachment, stabilization is effected by collision

with a third body, such as enother particle or the Yessel wall,

.8,
e + AB——(aB™)"
(AB™)* + AB —AB™ + (AB)*
4,2, Aton Transfer

This type of reaction involves the abatraction by.a
positively charged particle of # simple atom, ususlly hydiogen,
from a neutral gas molecule, ‘These reactions can be an important

gource of free radicals in the discharge a.g.

N; + Hzﬁwzn*' + H ref,(13)
L

CH4 + CSHG——;,CH5 + cans ref, (14)

ot cozﬂ__aoz*' + CO ref.(15)

If the reactants are the same species then the reaction 1s

called a symmetrical transfer reaction, e.g.

H2+ + H —s H3+ + H ref, (13)
+ -+ .

cH,t o+ o — cns‘" + CH ref,(17)

4 3

4.3. ion-molecule Reactions

Ion-molecule reactions can greatly influence the chemical
propertieg of the discharge. The reactions often lead to more
than one set of products, The importance of thesa reactions

increases with increasing pressure,

A



+ +
CH3 + CH4._mﬁ70235 + H ref, (13)

a *
CH* 4+ 052—7 “a + H,

ret;(la)

04113 .+ H

cn,t

o+ 0, ———>cnao+ + OH ref, (19)

Positive ion transfer reactions can occur, usually in
discharges of simple molecules and lead to the formation of free

radicals, e.g.

+ ' +
02 + H2 “——M"?' (4] + H20 | re;.(zg)

czns" + H0—>CH, + nso* ref, (17)

An important reaction found in hydrocarbon discharges is the

hydrogen abstraction reaction, eo.g,

+ +
CoHg" + CoHy—s CH, + CH, ref.(21)
+ +
C,H," + csﬂs——ﬁr CHy + CgH, _ ref, (21)
4.4. Charge Transfer Reactions

These reactions are very rapid and also an important
seconddnrsource of free radicals, They are particularly 1mpo£tant
in simple gases and eapecially those gases containing small
amounts of a different pgas. A classic example of this is the
ionization of srgon by the smallladmixtura of neon to the

discharpe. Other examples are,

02“ + N —not + o ref, (22)
c.HY +cu,—cut+ cH ref.(23)

272 24 24 22
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4,5,

4. G.

4.7,

Electron ~ Ion Recombination Reactions

These are important in that they generate other excited

species in the discharge, o.g.

N2+ + @ — >N + N ref. (22)

NOot 4+ e —=N + O ref. (21)

At higher pressures in the discharge the ion-molecule
reactions assume a greater importance, At atmospheric pressure

ion=-ion reactions become significant.

Excitation of Iona

I1f an ion undergoes further electron impact, the ion is
excited to a higher atate. These excited ilonic species can then
react with neutral gas molecules to giva more complex ionic

specles as woll as free radicals,

(czne")" + czue-—-e-czn?* + CJH, ref.(21)

(N;)* + N2 -———-—;a-"-:Na*' + N : ref,(24)

I£ the ionic concentration were sufficiently high the type of
raeaction above could he of great significance to chemical

synthesis in the discharge.

Freo Radical Reactions

Many of the products from the ionized or excited species in
the discharge are free radicals., These species play an important
role in the reactions leading to chemical synthesis. As tho free
radicals are very reactive their reactions are very fast even
though they may enter into multi-stage processes,

Free radicals can undergo several types of reactions. One

of the most common is the combination of two free radicals to
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give a stable moleculae, a.g.

CHS + 0}13 _"“'CZHG : _ SRR ret. {25)
02H5 + czns—m- 04!!10 ref,(26)
CH, + H —— m4 ref.(25)

It is an energetically favourable reaction as the heat of
formation of the new bond i3 liberated, and so it frequently
proceeds with little or no energy of activation. However removal
of the liberated energy by a third body or surface is sométimea
required to prevent rapid dissociation of ths newly formed
molecule. When polyatonic radicals raecombine, the life of the
collision complex is so much greater than for atoms that
deactivation normally occurs during the life of the complex,
Lifotimes of about 10" ° Secs. are typical for hydrocarbon
radicals &t approximately 1 mm Hg, B

One of the more important reactions for chemical synthesis

is the aromatic substitution by a free radical e.g.,

Ngé + cfan —-Cﬁmtz + H ret, (27)
on + 4;3‘ — don oW | - rer.(27)
‘_Czﬂé + 4:;!{ —_—4:(321!5 + W rof.(27)

Hydrogen abstraction resctions can lead to chain reactions of the

type,

-

R+l7l.1

Y —— RY + Rl'
as Rl is capable of performing a further abstractions e.g.,

'CBHS- + 320 —— C-‘GHG + OH- ref,(26)

Dispreoportionation. reactions to give molecular products are also
posaibile,

Follg —— CHy 4 Collg T ref.(26)
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usually as an alternative to combination of two radicals, The
tendency for a free radical to decompose into a smpaller
radical increases with increase.in chain length, The free
mothyl radical is stable up to 100600. Tha free ethyl

radical is not so stable, and radicels higher than ethyl
readily decompose into methyl or athyl radicals andlan olefin

6.8,

CH, - CH

A « CH. —= CH. + CH. = CH. ref.(25)

2 2 3 2 2

Oxygen: containing radicals are alao particularly prone

to fregmentations, e.g.

1 1

R™ + RCHO — = R'H + RCO ref, (25)

RCOO——= R + CO

Bacause radicals are electrically neutral, the relative
strengths of the bonds approximate to their activation energiles.
Thermochemical studies iy the bond dissociation energy
which i3 the energy required to break specific bonds for the
formation of free radicala, and thus indicates broadly the
path of radical reactions, Examples are given in Tahle 1

| _
for the common gases. Bond dissociation energies vary very
puch with structure, |

Free radicals play an important role in chemical synthesis
in an electrical discharge, However, the variety of interactions
possible between free radicals, radiecals and neutral molscules,

radicals and ions tend to give a broad range of products

from the discharge, L1.a, a loss in specitid;vqb
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-(CH2)§ + H
i\

95 keal

-CHE CHE + CH

3

82 kecal

—

\
35 keal Cae T U

CH, + CHy

23 kecal

C

3

317 .

Internuclear distance for the bond broken

Figure 11 Different Modes of Dissociation of a Propyi Radical
Depending on the Energy Input

Bond D (kcal/mole) D (eV/molecuie)
H-H | 104 4,52
N =N 170 - T7.37
0-0 ‘ 117 5,08

NH2 - H 97 4.2

CGHS - H 102 4.41

‘Table 1 Bond Dissociation Energies at 25%
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SOME EXAMPLES OF SYSTEMS

PREVIOUSLY STUDIED



Sdme Examples of Systens Previousiy Studied

The electric discharga in its various forms bas long been
of interest in chemicai synthesis, Bacausa.of the higﬁiy
excited species produced in a discharge, many chemiéaiiéystems
that are unreactive under ordinary conditions undergo chemical
reaction, It 1s these ﬁormaliy unattainable reactions which are
of considerable interest, particularly in the search for direot
routes to larger organic molecules such a4 aniline; hhenol, gte,
from reactions in benzena vapour. The production of h&drazine
from ammonia has received fresh 1nteraat‘with tha increasing
demand for hydrazine for water treatment and in the production
of heterocyclica, The investigations published in the literature
have varied from attempts to determine the processes involved in
a siuple discharge such as the hydrogen discharge, to puraely
chenical studies of more complicated molecules such as henzene,
toluene, subjected to a discharge. FEmpirical relationships have
been presented in an attempt to correlate yields of products

with the physical parameters of electric f£ield strength, pressure,

 residence time, flow f&ta, ate,

Basically, the energy necéssary for the production of
chémically activae specles is supplied to the gas primarily by
olectron collisions. Dissociation of the gas into free radicals

is oftan:ths result of complex interactions between alectrons,

ions snd molecules. In tho ordinary low pressure discharge,

disgociation is almogt entirely due to electron - molecule
collisions, Collisions batween atoms and molecules becone
important only in the high pressure discharges vhere gas

temperatures reach values of the order of 105 OK.
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5.1,

Inorganic Gagses in the Electric Discharge

The chemical syatemalstudied and the types ol the discharge
reported in the literature cover a wide fiold, One of the
earlier applicationsz of tha electric digcharga was the production
of ozone from OXygen or air, i.e., the Slemens ozonizer., A
great deal of work has sinca been carried out on the system
though it is mostly covered by patents., As such the information
available from the general literature is mainly concerned yith
roactor design with little reference to the fundamental
rrocesses involved. The egsential reactions have been postulated

as folluystzs,zs)

+
024-6-—4.-02-1-6

’ *
024'6—:-02-!'8

the excited oxygen molecule then dissoclating to give two oxygen
atoms,

oé"'—-; o + o
vhich then underge reaction with neutral molecules of oxygen to

give ozone,

Rezction between excited oxygen atoms can occur in the gas phase
to give excited ozone polecules which can either decompose or

deactivate on the vessel walls,

- . "
O2 + 0 ———e>CE
»
w o+ 03-——€> 03 + U
The ozone 1s susceptible to decomposition by two routes,

0

3 + 0 —> 202

0, + @ —= 0, + 0 + ®
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Tha ozone yisld can be increased by cboling the vessel walls
so the ozone liquefies and runs out from the discharge zone, By
increasing the amount of solid surface, the yield of ozone 1s

(30)

increased As the power of the discharge is increased, the

conversion passes through & maximnm‘al). Increasing the.flow
rvate increases the energy yleld but decreases the percentage
conversiontsz), ‘

The demand for ozone‘is'usually for & diluted form, it boing
cagier to stpre and uae, Qzome 1s w;dely used for watar
purification in Europe and the demand for czone is expected to
grow in future years. _The ozone 1s effective not only in the
elimination of bacterial and virus activity but also removes
taste, odour, and colour from polluted water, The ozonizer is.

usually operated at atmospheric pressure and low power input

conditiorns. Normal operating energy yiélds are 45 -~ 50 g/Kwhr,

8.1.1, The Hydropen Discharge

The hydrogen discharge has been extensively studted oo o9

Bate‘constants for the production of hydrogen atoms have heen

calculated and are of the order of 10”9 ce/molecule sec. for
the reaction(36).

H

+ e—>H + H + o
The hydrogen atom production can be supplemented by fast

alectron-ion recombination at the wall, and the ion-molecule

-

reaction.

&

Hy

_ N .
+ !{2"_;._“3 + H
Atoms are lost from the discharge by diffusion to the walls and

subseqdent recombination,

H + H + ¥ —> H, + W
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The rate of recombinaticn of the hydrogen atéﬁs is
influenced hy the nature of the surface of tho wall, Small
edmixturesof other gases also have a marked effect on the
recombination rate of hydrogen atoms(37'38). For instance, the
prosence of 0,1% water in the discharge enables an atom
concentration of up to 10% to be built up., Whether this increase
is solely oﬁing to a reduciion in wall activity or to a change
in the production processes in thé discharge 13 not yet clear,
The breakdown fleld in a microwave discharge in hydrogen is

lowered by about 30% in thé presence of small amounts of water(37),.

$.1.2, The Nitrogen Discharpe

The presence of watser vapour also has a strong influence on
the nitrogen atom concentration in a nitrogen discharge. In dry
nitrogen, in hoth d,c¢. and microwave discharges, the conversion
to nitrogen atoms is approximately 1%(39'40). In the presence
of water vapour or oxygen howdver, conversions to nitrogen atoms
have veried from 4% up to complete dissociation of the nitrogen(41_4
No satisfactory interpretation has yet been reported to explain
the marked effect on the discharge characteristics of traces of
water vapour, A similar increase in the atom concentration has
been reported in a wet oxygen diséharge in comparison with a
dry oxygen discharga(44’45).

The nitrogen discharge has stimilated great interest
because of tha so-called '"nitrogen afterglow”, The existence
of long lived vibrationally excited ground-state molecules have
been suggested as the chuse of the afterglow. The main ion
produced in the discharge is N2+ at a potential of 15.7 evi1®),
Atom production proceeds via the diaaociation of excited states,

The rate constant for thoe diasociation has been calculated to he
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in the order of 10”11 ces/molecule sec, Vibrational o
excitation occurs at very low electron energies,

(47) Gith a microwave discharge, found that

Young et al
the degree of dissociation of the nitrogen was largely
dotermined by the amount of impurities present.,  Other expaeriments
have indicated that sufficiently pure nitrogen might not
dissociats, This may also apply. to very ypurae hydrogen,

1447} 4150 showed that the addition of nitric oxide

Young et a
and to a lesser extent oxygen after the discharge hut before

the afterglow produced a large increase in. the degree of

dissociation of nitrogen., The nitrogen atom concentration was

also dependent on the linear flow rate of the nitrogen input,
The addition of sulphur hexafluoride greatly axtended the length

of tha'afterglow and increased the 1ntensity<47’48)'

Polyatomic Gases

- The experiments on theo diatomic gases indicate that the
discharge characteristics can be altered dramatically by the
presence of impurities., The nature of the surfaca of the
discharge tube has also a great influence on the concentration
of atoms in the discharge, The effects are also found in
discharges of polyatemic pases such as carbon dioxide, armonie
atc. but are less marked.

Semiokhin‘ég’

studied the diszociation of carbon dioxide in
a silent discharge in a circulating flow system. The degree of
dissociation, ¢, was investigated as a function of the gas
prassure, over the range 100 - 700 mm Hg, the power input to the
discharge and the wall tempesrature., ‘The maximum value for the

depres of dissociation was found at a pressure of 300 mm Hg at

a power input of about 50 watts when & = 34%, The proposed
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b&ltha presence of other gases

dissociation reaction was,

k.
o

co, T- o + §%°z.
1
ko incregsed with increasing pressure zrom_o.oos to 0.013 over
the pressure range 100 - 700 mm Hz. k, increased from 0.023 to

0.647 units over the same range; units of ko, k. not given,

1
ko was calculated as the amount of carbon dioxide that dissociated
per unit of electrical energy at high velocities of gas flow

i.e. when “Zv 0, where U/v is the energy per unit of gas flow,

The wall temperature had little influence on the rates of

'reapticn. The dissociation of the carbon dioxide was influenced

(50). Holium was found‘tp decrease

the‘degrea of dissoclation; argon had a negligible effect; and
nitrogen increased the dissociation of carbon dioxide, over the
range 4 ~ 60% content in the carbon dioxide feed. fhe addition
of CO and O decreased the dissociation in agreement with the le
Chateliers principle, & was indapendent of powér over ths range
30 - 100 watta but increased greatly over the range 30 -~ 100 watts,
- 'In the presence of 3 - 25% oflwateé, Wilde et&al(51), fdund
the carbon dioxide decomposed to give up to 9% of carbon

monoxide in a high frequency electric arc,

Mixtqres of Gases

The reaction bhetween nitrogen and oxygen in the electric
dischargé yields various nitrogen oxides depending on the
conditions.employed. Nitric 6xide appears to be the primary

(4,52) MCCarthy‘say similarly found in a

product of the reaction
microwave discharge'of 2,450 Mc/s, the primary reaction was to
nitric oxide thoupgh some ﬁitrogen dioxide was also formed,

Yiolds of up to 13% nitric oxide were obtained,
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5.2.1,

(54)

Strutt reported finding N203 in the quenched product of

the discharge according to the mechanisnm,

2NO + N ~—~%’N02 +'N2

NO + NO-—> NEO

2 3

Several workers have shown that the addition of water
vapour loads to the production of nitric acid but the yislds
were not commercially valuable(4).

Other inorganic systems have heen studied including the
production of hydrazine froi ammonia, discussed fully on page %7
Chlorine has been produced in good yileld by ths oxidation of

(55). Various

(58)

hydrogen chloride in a microwave discharge

vhoaphorous compounds such as disilanylphosphine

{57)

diphosphorous tetrachloride have been synthesized; sulphur

trioxide has been preparcd from sulphur dioxide(ss); various
haloboren compounds and halosulphur compounds have also been
made(59’6°). 0f these, the two processes of major interest have

been the production of ozone and of hydrazina,

Organic Vapours in tha Electric Discharge

The application of tho electric discharge to organic
synthetic chemistry perhaps offers more opportunity to promote
a commercial process than in the inorganic systems. The greater
part of work sb far reported has mainly concerned the production
of acatylene from various hydrocarbons, However, raecent work
has shown much larger molecules can be synthesized under

selective discharge conditions.

The Methanea Dischargg

Numerous patents have been filed on the manufacture of

acetylene in an electric discharge. H'in and Eremin(sl)
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investigated the effect of'the reactor dimensions, and the
use of a spray absorbent on the synthesis of acatflena‘in an
electric arc in methane, -The—o#!eet—et 9reheating the gas
increased the total conversion., The injecticn of a spray of
water, under predetermined optimm conditions, increased the
total conversion from 0.43 to 0.78% of which 0,32% to 854% was
to acetylena, The ratiﬁ of the acetylene conversion to the
total conversion was independent of the energy input end was
unaffected by preheating or cooling of the input streanm,

Popovici(ez)

, in a high frequency discharge in methane,

found not only acetylene but also ethylacetylene, cyclopentadiens,
indene and formaldehyde which came from small amounts of air in
the methane, The discharge also gave a (CH)n type polymer.

Thae formation of this polymer was poatulated as being due to
(cH)* ions migrating to the cathode where they were neutralized
to give CH radicals which polymerised to (ca)n.

Badarau(ea)

obtained similar results from a d.c. glow
discharge in methane betweéen aluminium slectrodes. The yield
of acaetylene was very sensitive to flow rate and passed through
& sharp maximum as the flow was increased, The yleld of

acaetylene varied up to 25% from the reaction.

2CH4-—">-0232 + 332

Increasing the length of the positive column increased the
yield of acetylene considerably. Carbon was not formed,
probably because of the large concentration of hydrogen atoms
present. Ultra-violet speétra showed the presence of CH, CH*,
acetylene and possibly benzene. A polymer of the (cn&n type

was found in the neighbourhood of the electrodes,
{64)

Taentsiper ot al studied the conversion of not only
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"mathane in electric discharges. Badareu, Popovicel and Albu

mathane but also hydrocarhons such as ethane, propane,

ethylene and propylene in a siatic system. The predominant
reaction process f{rom all these hydrocarbons was the production
of acetylene and to a slight extent ethylene; pressure range

10 - 150 mm Hg, current 50 - 6,000 mA, The presence of hydrogen
or argon lowared the conversion to acetylens, This reduction in
yidld increased with dilutiﬁn and was more marked for hydrogen
than argon, However, the transition from an arc discharge to a
%1ow discharge occurred on dilution of the original hydrocarbon,
The di!ferencés in acetylena yields could thus be attfibuted,
partially or wholly, to this transition and not to the chemical

effect of the presence of hydrogen or argon.

The Production of O-containing Compounds in the Discharge

Formaldehyde has bheen prepared by the slow oxidation ﬁt
(85)
studied the.effect of & spark discharge on & flowing methane/air
nixture at atmosﬁheric pregsure, Formaldehyde was produced and
the yield depended onlthe linear flow rate, on the mole ratio of
mefhane to air and on the electrode distance., The maximum yield
obtained was 25.7 g. HCHO/cu metre of methane,

Thornton and Sergiot®®’

investigated the production of
formaldehyde in a methane and water high frequency discharge
between axial electrodes, A mixture of methane and water was
sprayed into the discharge zone; pressure 80 mm Hg gnd a power
input of 30 watts, The presence of the water spray increased
their yield of formaldehyde from 0.38 g/Kwh to 1.5 g/Kwh at a
water flow of 30 -~ 56 g/min., In the presence of 37,5% air the
formaldehyde yield increascd from 0.86 to 2,31 g/Kwh at a water

flow of 30 -~ 60 g/min, Tha production of carbon ronoxide was
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also greatar with alr pregent, Although ylelds were still
low, - the improvement in ylelds justified the spray absorbent
technique, The spray has thae effect of reducing the residence
tima of the product without reducing the conversion per pass.
In the presence of ozone, produced in situ from oxygen
in a Selmens ozonizer at 8-~11.65 kV, methane is converted to

(67). Tha rate of conversion

formaldehyde, acids end peroxides
of the oxygen to ozona was higher than that of the required
products, The conditions of the discharge were thus set to

achieve predominance of tho reaction,

CHSOO- ——=> HCHO . + OH
whicﬁ was obtained by a high oxygen concentration in the
initial gas mixture., 1In all cases conversions were higher at
higher voltages. Dilution with argon enabled the influence
of tho partia} pressures of the components to be investigated,
The conversion into formaldehyde increased linearly with the
methahe concentration, IHence 1t was concluded the slow
oxidation of methane was detarmined by the partilal pressure of
lmethane in the reaction mixture, This 1ndicafed a similarity
in mechanism of this oxidation reaction to that at high

temperatures (400 = 81503)(68)

. A change in the vessel material
from quartz to rasotherm glass altered the product ratios, the
perioxides being favoured. This clearly showed the‘imﬁoftanca
of tho nature of the wall surface on the dissociation reactions,
Mixtures of carbon dioxida and methans or carbon menoxide
and methane were subjected to & silent discharée at 700 mm Hg

(69). Tho carbon dioxide and

with a discharge current of 18 mA
methane mixture gave a 17% yield of O-containing compounds of

which GO ~ 70% were carbonyl compounds. The yield of
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5.2.4.

O-containing compounds was reduced to 5% when the carbon.
dioxide was replaced by carbon monoxide, On lowering the
applicd voltaga, from 3.0 kV to 0.5 kV ghove the breakdown
voltage, the total convorsion increased, Increasing the
residence time mnd/or the percentagse of carbon dioxide in the

nizture increagsed the conversion,

The Formation of Hydrogen Cyanide in the Discharge
1(70)

Miyazak , using a 100 MC/s.discharge at atmospheric
pressﬁre, found‘hydrogen cyanide was produced from a mixture of
methaﬁe, hitiogen and/or ammonia; The rate of conversion to
hydrogen cyanide was retarded by the hydrogen produced from
the decomposition of the moethane, Packing the discharge tube
with glass fibres promoted the rate of formation of hydrogen
cyanide, An Increase in discharge frequency to 250 Mc/s
inereased the yield odfhydrogen cyanide to B0%. With ammonia
present, the reacti;; to give hydrogen cyanide was postulated
as proceeding via fhé interaction of NH and CH radicals,

Many ﬁofa organic discharge processes have been roportad
.z, alkyl chloride f£rom the chlorinafion of alcohols(71'?2):
(73)=

(74,78)

vhosgene from the decomposition of chlerinated hydrocarbons
ammino~acid synthesis from carbon, oxygen and hydrogen ete,
All of which indicats the wide field of application of the

elactric discharge to organic chemistry,

Polymer Production in the Discharge

One of the latest developments of intérest ia the production
of thin layers of polymer on surfaces bj an electric discharge,
Potential npﬁlications include the plating of metals and dther
sﬁrtaces to 1ncreasq_their resistance té corrosion and abrasion,

Applications are also possible in the electronics industry where
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thin layar-piatinw tachniques are essential, Compounda which
normally polymerize in the bulk phase give ths bost films.
e.g. nethyl methacrylste, 7The films are usually uniform and-
have a high electrical resistance. Films can be prepared
from the vapour of practically any organic material although
there is a wide variation in the rate of film lay-down.
(78) has 1nvest1wated thc polymerisatian of organic vapours
electrode surfaces and on woving substrates Al Mc/a
high-voltage supply was 1mposed ¢n the gap hetween insulated
electrodes with almixtu;a of monomer vapour and nitrogen in
the gep at a total pressure of 1 atﬁosphere. Mnnomars included
vinyl compoﬁnds such as styrene, acrylonitrile, 1—octgna,
acrilic.acid mono-aliylamine and tri-allylamina and non-vinyl
compounds such as henzenae, toluene and benzoﬁrifluogide.
Yields of polymer wors 1ncre§sed in many cases by the inclusion
of a.halogen compound with the monoﬁer. Reactloﬁ méchaﬁ;sms
are complex and can not be satisfactarily explained,

Syatems conaidered to be of particular 1nterest to the
present work included the production of ethylene glycol fronm
methanol, the k;netics of the dissociation of cyclchexane in
énmparison witﬁ_benzene or wifh linear he#ane and polymer

formation in benzene discharpes,

8,2.5, Methanol
Only scanty information on the reactions of msethanol in
an electric discharge can be found in the literature,

rakahisht <77

studied the decomposition of methanol in a high
frequency discharge in a closed system. The nzluence of

additions of hydrogen and methane to the discharge were also
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studied, €O, H, CH,, HCIO and 1O were obtained as the
rain products in ameunts varying with the quantity of hydrogen

and nmethane added to the system, The reactions,

CH30H —a%*CHS + O

and  CH, O —- o' + HCHO

ware proposed as the primary dissociation of methanol,
{738)

Kokurtn.nnd Gruzdera ~found that mothanol in an electric
arc gave mainly carbon ponoxide rnd water, The decomposition
process was similar to that in an electrodnleoss discharge in
a quartz tube at G Mc/s3, in the stationary vnpour(79),
Identification of bands of lines in the emmision spectrum due
to CH, OH, CO, Hz' H, C was nade,

Anaud has investigated the vapour-phase chlorination of

methanol in g silent dischargecqz).

Saturatad c6 Hydrocarbons

Coatescgo)

has made a detailed study of the microwave
induced dissociation of n-hoxane, Using a4 flow system at
1 mm Hg, 25 individual components were detected, Apart from
this one investipgation little other 1nformation_exists in the
literature,

Cyclohexane is also only scantily reported in the literature,

(81) investipated the dissociation of cyclohexané in d.c.

Arnold
discharges at 50 c¢/s and 535 ¢/s, The major reaction products
Wéreﬁgz, c3 and 04 hydrocarbons, o

(82 studied tho slow oxidation of cyclohexane in a

Inoue
silent discharge, Cyclohexanel and cyclohaxanohe were obtained

as the main products,
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Benzene

Stille ot a1(83) investigated the reaction of benzens in

an r.f. pglow discharge, The phenyl radical was detected from
the emission spectra, A complex mixtufe of products was
obtained including poly (phenylenes), diphenyl, fulvene,
acatylene, allene and methylacetylene,

Kraajveld and Waterman(84)

subjected benzene vapour to a
gas discharge at 2,400V, 50 mA, and at a pressure of 2 mm Hg,
The linear flow rate of the benzene vapour 1n£1uencéd the
yield of diphenyl. Decreasing the linear flow rate increased
both the total conversion of the benzéna end the percentage
yield of diphenyl. Under optimum conditions the yleld of
diphenyl constituted 30% of the benzene converted,

The influence of varying vapour pressures in the formation
of diphenyl in a flow discharge through benzene vapour has

been'studied(as).

At lower vapour preéssures ( 5 mm Hg) the
benzene was nearly completely destroyed, and band spectra of
02, CH and benzene were observed. At higher vapour pressures
(10 « 20 mm Hg) the discharge behaviour was entirely different,
and a continuous band spectrum was observed from 2,600 A to
5,400 A, Under the latter conditiohs diphenyl was obtained,

Schuler et al(se)

analysed by gas-liquid chromatography
the products from a d.c. flow discharge in benzene, hiphenyl,
toluene, etliylbenzene, plmnylacetyléne, and naphthalene

were identified, Of the benzene converted 50% was a
polymeric material which was henzene soluble and had a
molecular weight of 708, A polymeric material was also
detected when the saturated vapours of benzene and toluene

were subjocted to a high frequency discharge<87). Yellow=-brown
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solids were deposited on the walls of the discharge tube
end were found to be partially soluble in benzens,

Vastola and Wightman(as)

investigated the reactions of
benzene in a microwave discharge, with a maximum power input
of 85W at 2450 Mc/s and‘pressures below . 1 m Hz in a .
static aystem, No paseous products were detected though a
yellowish hydrocarbon film was found on the surface of the
reactor vessel, Infra-red analysis indicated that the film
was unéaturated but contained no aromatic bonding, The films
also exhibited high concentrations of fres sping, This
supgedated the CH radical was probably responsible for the
polymer f£ilm,

Streltweiser and Ward also investigated the decomposition
of benzene in a nicrowave discharge(ag). However, the benzene
was admixed with heliﬁm bofore entering the discharge zone,
Some ter and carbonaceous material was formed and also soma
low boilers, of which hydrogeﬁ, methane and acetylene were
identified by gas chromatography. However, they found
negligible proportions (< 0.005%) of polyaryls, |

Ranney and O'Connor investigated the reactors of benzene
vapour in a corona discharge. Excitation of benzene vapour
in a 15 kV corona discharge reactor at atmospheric pressure
and 45°C gave an 8,5% conversion to identifiable products,
DPiphenyl, O-m~p terphenyls, phenyl cycloalkenes, rulveﬁe,

1, 3, and 1, 4 ~ cyclohexadirnes, cyclohexcne and acetylene
were quantitatively determined., The polymeric material was
a yollow solid, largely soluble in benzene, with.a najor

fraction having average molecular weipght of 4000, Lower

molecular weight fractions of about 300 were isolated as
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yellow, tacky resins. Infra~red and nuclear magnatic
roesonance spectra indicated only mono-substituted phenyl
groups pondent to the main chain with no evidence for
polymer build-up by way of consecutive phenyl linkages and
random hydrogenation., A phonyl or benzyl substituted five
numbered ring containing one double bond waa indicated as
tho average repeating unit,

Kawahata(gl)

‘studied the vapour phase decomposition of
aromatic and hydroaromatic hydrocarbons by an alectrical
corona discharge of 10 ke¢/s in hydrogen, Hydrogen containing
a certain concentration of orpanic vapour was prehoated and
fed into the discharge zong, The reactor temperature was 30000
and tho pressuras 70 - 760 mm Hg, Condensed products included
m~cresol, o-methylnaphthalene, tetrahydronaphthalene,
decahydronaphthalene and dihydrophenanthrene, Formation of
solid f£ilms on tho reactor wall was also observed,

A study has beon made of the converajon of benzene to a
polymeric substance in a radio-frequency discharge(gz). A
3.69 M Hz generator coupled capacitively to a pyrex flow
reactor, pressures 1 - 20 mm Hg. Depending on conditions
employed, thé polymerisation resulted in etther a cﬁmﬁlété‘
conversion to a solid polymer or a low conversion to a liquid
polymer, Infra-red spectra showed the polymers to be |
structurally similar., Infra-red and nuclear magnetic resonance
data suggested a basic polyasric atructure similar to that of
polystyrene, The difference botween the solid and liquid
polymers was postulated as being one of crosalinking.

There 18 also evidgnce from -the literaturs that the

addition of another gms to the benzene discharge can result in
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reactions with the phenyl radicsls, Sugino and Inoue(gs)

investigated the reactions of benzene and dry air in a
Sicmena ozonizer. A voltapge of 15 kV was used at a discharge
current of 1,25 mA., Up to 10% of bonzene was present in

the gas mixture, at a total flow rate of 0,12 ~ 0,30 litres/
hour. Phenol was obtained in a yield of 25 -~ 307 of the
roacted benzene, An unidentified solid was also found. The
ovarall conversion efficiency was‘o.g - 3.8%,

The production of aromatic amines from benzeme in an
electric discharge has beon patented(94). Benzene vapour wasg
uged in a 2,1 ratio with ammonia gas, and the resulting
mixture at 90°C passed through a silent electric dischafgélat
atmospheric pressure. Aniline was produced in approximately
8,5% yield based onitho total Znput,

Sugino and Inoue(gs)

investigated the reactions of

henzena and armonia in a Berthelot tube. The electrical
parapeters woro set at 13 kv, 2,3 mA, 30 ¢/5, A flow rate

of 42 litre/hour at 730 m Hg and 30°C was naintained,
Approximately 0.2% of the benzene reacted, the yield of aniline
being about 30% of the reacted benzene. Small amounts of
m*phenylenediamine and othor uﬁidéntifiod anines and
hydrocarbons wera also found.

Prilezhasva and Naather<37) studied the chemical reoactions
of bhenzena with other gases in s high frequency electirodeless
discharge by means of gbsorpiion, emissicn and fluorescence.
spactrocopy. Thay found evidence for the following equilibrium

reactions,

r:{) H + Nﬂs — ¢_rntz + H2
H + CH, —OCH, + H
¢ 4 # 3 b

bu + c0 —>demw



THE CHOICE, CPERATION AND
PRELIMINARY TESTING OF THE
MICROVAVE EQUIPMENT



g.1.

Choice of Electrical Systenm

The advantages and disadvantapes of the electrie Afc. thé
d.c. glow discharge, and the microwave discharge were examined
carefully before a choica was made of which system to use,

The main drawbacks of tho electric arc are
1) The presence of electrodes constitutes a major contamination

problem, especially in a high intenaity arc.

2) Most of the energy supplied to the system essentimlly raises
the gas temperature which rmay vary from 5,000 - 50.000°K.
The efficiency of chemical activation based on the energy

input is thus low,

3) As the electric arc is sustsined by thermal processes, only
reactions with favourable high temperature thermodynamics

or kinetics are of possible interest,

Apart from the chemical aspects, the electric arc needs a
costly high current powar supply. Electrode cooling may be an
added complication. Thus econcmically and chemically the
9lectric arc is limited in 1t§ application,

The d.c, plow discharge also hes the probhlem of possible
contanination from electrodes, However, evidence 1s‘available
to show that the d,e¢, glow discharge i3 capable of producing
apprecisble numbers of free radicals, However, the discharge is
not very‘stable above 30 mm Hz. and the characteristics of the
discharge may alter, Commercially therefore the d.c;'glow
discharge, though electrically éimple, 1a costly to oper#te
because of the low pressuras involved,

The advent of commercinl microwave systems in industry, e.g.
in drying processes, has greatly facilitated the acquisition of

microwave equipment, However, the high cosat of microwave power
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relative to d.c. power is a disadvantage.

MbCarthy(sa)

has shown the microwave diacharge to he more
efficient in producing frae rédicala per energy unit than the
d.c. glow discharge. The microwave discharge once initiated at
low pressure will persist as a glow discharge at pressures up to
atmospheric pressure, McCarthy found that pulsing of the
microwaves though increasing the breakdown voltage, doubled the
yield of free radicals compared with a continuous microwave power
discharge,

One of the most 1mpo£tant advantages over the &.c. glow
discharpge i3 the ahsence o0f electrodes in the microwave discharge.
However, if a netal catalyst was needed it may be inéefted in
the microwave discharge without markedly altering the
characteristics of the discharge.

Another electrodeless system, the radio-trequency discharge,
was also considered, Howaver the difficulty of obtaining
efficient power transferenée to the reactor led to its rejection
in favour of the microwave discharge,

In conclusion the possibility of increased chemical activity
in the microwave compared with the d.c, glow discharge or
electric arc diascharge prompted the choice of the microwave

system.

Description of the Microwave Fquipment

Basically the system consists of a microwave powar
generator and power supply, linked to a cavity resonator by a
coupling and matching systen of wave guides, see Fig. 12.
Unused power is dissipated in a water lcad. A power monitoring
device 1s also incorporated, A gas flow tube may be placed

axially in the cavity.
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The source of the microwﬁve power is a magnetron, the
Mullard Jp2 - 2, 5A, opgrating in thé band 2,35 to 2,55 GHz.
The mean power level can be adjusted from 0.8 kw to 2,5 kw.
The magne;ran_powsr supply unit ﬁas a cur;entlregulated output,
_thq level of which is adjusted by the magnetron current.control.
The system is protected from accidental damage by a safety
interlock circuit, 7

The wave guide.systém is constructed of wave gulde 10,

The Ry, configuration is used for the microwave transmission.
Wave guide theory uses the concept of a field of force
qharacterized by alectr;c and magnetic vectors instead of the
usqal poncepts of current and voltage. A conagquehce of this
.theory i that there are two basic types;pt waves which can be
propagated, The f;rst is called a transverge mggnatic or E wave,
This has its magnetic vector in = plane normal to the direction
of propagation, but hag a component of electric force in the
direction of proﬁagation. The secqnd, having an entirely
transverse electric force end an axial component of magnetic
force, is called a transverse electric or H wave, Various forms
of E and H waves are ppssible with pharacterisxica_dependent on
the yalues given to the bqunﬁary conditions usually_feferred to
aQ the parameters m and n, These pa;ameters can hava 1ntegra1
values only, and these are limited for given dimensions and a
given impressed frequency by the 1nequality.
_\L\J_>(E)2+'(P.£2&
B a b
yherahd s 2nf, where £ is the frequency
| N} = velocity of light in the medium
a = width of the wave guide

b = helght of the wave guido
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The values of the sgbscripts m, n determiné the number of
half~sinusoids in the distribution of field iﬁtensity aleng the
sides, a and b, of the wagae puide respectively. The type Hlo
is of special interest since it has the simplest confipuration.
of all hollow tube waves, The electrid'field has only one
component, which 1s parallel to the side of length b, and has a
half-sinusoidal amplitude distribution along the side a, see Pig.13,
The propagation constant and critical frequency are dependent
only upon the dimension a, the critical wavelsngth being given by
‘the sinple expression, hb = 2 &, The critical frequency
determines the boundary between the transmission and attenuation
regions. Above this Ifrequency the attenuation is zero; below it
the wﬁve suffers rapid exponential attenuation.

The matching of tha wave guide to the cavity resonafor is
achieved by using a 3dB directional coupler which prevents -
daterioration ¢f the match proszonted to the magnetron when the
cavity 1tself is ocut of tung, The 3dB coupler divides the power
between two energising inputs to theo resonator. Like phase
raflections from these inputs passing back into the 3dB coupler
recombine,'diverfing energy frcm the magnetron and dissipating
it in the water load,

The cavity resonator is of a cylindrical desipgn supporting

the H mode and has &xial access for reacter tubes up to one -

112
inch dismeter, The axial length of the cavity equals the
wavelength of the microwaves, The Hu2 mode of operation
determines the positions of maximum electric field strength in
the cavity, see Fig. 14. The resonant frequency of the cayity

resonator has to be tuned to the frequency of oscillation of the

magnetron, This is effected by rotation of one of the access
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tube assemblies situated at one end of the cavity. The control
{3 oparated as a screw driven piston., The correct tuning-point
is indicated by a sharp dip in the reading of the reflected
rower meter and a stable incident power reading. Adjustment is
made for a minimm refleoted powor reading, In some cases a
short daelay occurs before a discharge is struck. Conversely a
discharge nay start immediately, in which case the tuning is
very broad and occupies most of the piston travel., The
strongest discharge coincides with a minimum reflected power
reading,

Tha cavity resonator is coupled to the rest of the wave
guide system by two feed wave guides between which 1s situated
the 34D directional coupling element described previously. The
two identical feeds into the cavity are spaced to suilt the
rolative phases of the power in the wave puides., Under normal
timing conditions power roflectlons of equal amplitude and phase
from the cavity are disaipated in the water lcad., Nowever an
undesirahle phase relationship 1s possible when en empty cavity
was partially off tune, This gave a spurious reflected power
dip and a rise in the inecident power reading, At such times,
to ensure longer magnetron life, full power wes avoided.

Inefficient power transfer to the cavity can occur if the
natching of the cavity to its feed wave guildes is incorrect,
This matching is achieved by the use of tho probe feeds
penetrating through the irizes into the cavity, see Pig, 15,
During operation changes in tha matching may be required owing
to the varying nature of the gas and the dimensions of the gas
flow tube, This is made apparent by an excessively low

proportion of absorbed power, Tho degree of penetration of the
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probas 1is adjustable in quarter inch sateps,

The movement of tho prohes was later modified tﬁ provide
a continuously variable adjustment, see Pig, 16. waeéef it
was found that the possible advantages of the finer adjustment
wore minimal in obtaining better matching over the range of
gag pressures and flow rates used, Especially when conpared
with the difficulties of alipgning the new system correctly and
rotuning to a particular tuning point after movement.

Under certain conditions, arcing cccurred in. the tuning
assembly of the cavity. This was usually due to a had earth
on tho shorting niate and was cured by cleaning of the éarthing

contacta,

Prelinminary Testing

The miérowava generator and the ﬁssociated wave guides were
a prototype desipgn supplied by Microwave Instruments Limited,
designated the Plasmex 4 system. Predelivery testing of the
equipment had been very scanty, usually amourit:l.ng_ to sustainihg
a diacﬁafgalin air‘at 1 mm Hy préssure‘!or.é durﬁtion of thir;&
seconds.l Henée & rigorous preliminary‘e#amination was undertaken,

Samples 6f'the vapour of several orgenic liquids were
éuﬁjected to‘the'microwave field, at var&ing preséures, see
Table 2. This provided a quick survey of the pertormanée
potential of the apparatus. A major prob1ém arosa early in the
exherimentatioﬂ Irom thé melting of the pyrék'réactor tubes,
Even when extémaily'coomd. the 1ifetime of the tube was less
th#n thirtj seconds. Also discharges were difficult to obtain
at pressureﬁ greater thanlln?mm Hg in a atatic system;

Thé adoptién of silica as the reactor.tube material

transformed the performance of the equipment., Discharges were
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¢asily obtained, on minimum input power, up to pressures of

120 mm Hz, see Table 2. Thae lifetime of the silica tube was
also wmuch greater than that of the pyrex tube, The dilflerence
in the performance batween tho édlica and pyrex tubes was
attrlhuted partly to the lower dielectric constant of tha
silica which meant the silica was wmore transpafant‘to thoe
nicrowaves,

The power absorption, whether in a static or flow system,
in the discharge was, not unexpastedly, found to vary with
pressure; the higher. the pressure, tho higher the power
abscrption, Howaever the power absorption at a fixed pressure

varied with the sample of vapour used,

Table 2. A Comparison of the Performance of Silica and Pyrex
' Reactor Tubes

reactor discharge maintained

sample vapour pressure pyrex tube silica tube
nitrobenzena 3-3 yes yes
ethanol 4045 no yos
mathanol 80-100 no | yes
acetone 180-200 no + with difficulty
diethyl ether . 350-370 no no

microwave 1hput poﬁer 0.78 Kw
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7- 1.

7.1.1,

Reactor Design

Types of Reactors

There are two types of idealised reactors applicable to flow

systenss

(1) The plug-flow, tulular flow reactor in which the residence
time 18 constant for all components but with varying

composition along the flow path,

(2) The backmix or CFSTR reactor, the contents of which are

uniform in composition but with varying residence times,

1) 8teady-state Plug Flow Reactor

As the composition variea along a flow path, a mass
balance for a particular resction component must be made for
a differential olement of volume AV, For component A wo can
state,

input A = output A + repcted A
from Pig. 17 in a volume 4V,

input A, noles/time = PA

output A, moles/time - = FA + d:t"A

reacted A, moles/timo = (-rA)dV

hence,

P, = “’A*"Fa’ + (-rA)dv
now

dF, = d B, (1-%,) = =¥, dX, .
substituting,

PpolXy = (ory)av

This equation defines the state of component A in a section

of the reactor of volume d¥, Integration of the expression
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givea the state of A in the reactor as a whole, FAO can be
regarded as constant, thoupgh ra will be dependent on the
concentration of the component gtream. Regrouping of the terms

in the expression gives,

v x
g W, = &A!‘ dxg
AO

o o “TA
X ‘ .

v | g AT
¥ " -8
AOQ o - "Ta

this may be expressed as a function of space time,

X
Af
Y = cAO < dXA

o A

The rate constants of any reaction may be obtained by.'plotting'

-lfrA versus X, end evaluating the area under this curve between

the appropriate limits,

7.1.2, 2) Steady~state CFSTR Reactor

As the composition is wmiform we may consider the
reactor as a whole, Apain with reference to a component A,
mmf A '=‘ outﬁut A + réactéd A
from Fig. 18 in the reactor as a whole,

input A, noles/time = ?Ao

output A, moles/time = FA' o FAO(].-KA)

reacted A, nolaes/time = (—rA).V
hence,' | |

?Ab = P + (*-;'A).V

a B, (E) + (e

I’AO.X n (-rA)_.V
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7.2,

on rearranging,

Yoy &
Fao  Voa0  "Ra
or;
v s
Yo “Ta

Thé design equation for tho reactor shows that knowing any
threa of the four terms xﬁ. -#A’ v, gAO gives the fourth term
difectly. Thus in kinetic experiments, each run at a given T
will give a corresponding value for the rate of reaction

directly.

Residence Time

In the CFSTR reactor the residence time of the species is
varlable, This means that 15 a system where the product is leoss
stable in the discharge zona than the reactants, the yield of
product will vary depending on the amount of backmixing. Thus
1?2 a constant yield of product is required under set conditions
the CFSTR reactor should be avoided,

In the plug flow reactor the residence time for eachtglement
of fluid i3 a conatent, Tho aquatioﬁ is complicated by the
varying density along a flow path though this may be allowed for.
The axﬁiession,

: .

AL

t = ﬂAo dxA

(=r, ¥

is obtained for a particular component A,
In the discharge systems under investigation in the present

work the reactiona observed are usually of the type,

A—s R ——=>=8

or R



7.3.

Concentration ~ time curves can be calculated from theory for
thase reaétions for different values of the rate constants.
Each curve 1s unique for a particular value of rate constant.
Thesé may be compared with experimental results, However,
meny of the curves are of a similay shape which leads to
difficulties in seleoting tho correct mechanisms of reaction
by experiment, espécially if the kinetic data are somewhat

scattered.

Limitations Imposed by the Cavity Desipgn

in tﬁe presant work the geometry and working mode of the
regonant cavity severely limits the shape and dimensions of the
reactor vessel, The H112 mode of the resonant cavity dictates
the presence of two poinis of intense electric field, separated
by a half wavalength, in the axis of the cavity, A discharge
can bé gtruck. at elther of thess two points ses Fig. 14.

The simplesat reactor 1s a tube placed in the vertical exis
of the resonant cavity. The diameter of the tube determines the
linear flow rate in-the reactor, The value of the linear flow
rate greﬁtly influences the nature and yleld of the products of
muny diascharge reactions. It follows therefore that the dismeter
of the tube 1s important., The geometry of the cavity however
restricts the cuter diametor of the reactor tube to 25 mm.

Moreover a reactor tube of 12 mm and below in diameter was found

to create difficulties in timing the cavity for efficlent power

- trangference to the gas,

Experiments woeroe mada to detarmine tha influence of the
reactor tube diameter on the ease of bhreakdown and maintenance
of a discharga, The results werae difficult to corralate owing to

the nocassity to retune the cavity for each tuhbo., Broadly no
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difference in the reactor performance was found botween reactor
tubes of outer diameters 16 - 2§ mm, under static conditions,

. Whereas the inlet end outlet diameters are restricted, inside
the cavity the diameter of the tube could be increased up to
30 rm axially, and up to 100 rm 1f displaced to one zide of the
cavity.: This displacenent 15 necessary to avold contact with the
metal coupling probea in the cavity, see Fig, 19. As basioc
microvwave theory dictates that the discharge will only occur
#t one point in the cavity, the reactor in ¥Fig. 19 could be
simplitiéd, seca Fig. 20. Ixpsriments at low pressure, { S5mm Hg,
showed no benefit in power absorption or in the ease of
breakdown of the gas when compared with tha simple tube réactor.
The design would almost certainly increase the avefage residence
time of the chemical spscies in the discharge, This may be an
advantage 1h certain chemical reacfions. 11 éo there exists the
dahger 62 tha‘éaa s;ream“bypﬁssing the extra reactor volume,
This préblem may be éolvéd.sinply'by placing béffléslih fhe
ﬁppropriata places, sea Fipg, 19, | | |

"fhe nature of the walls of the discharéé tube hasg béen
shbwn to bhe of.gredt 1mp6rtance in free radicél reactions, In
the microwave discharga, silica 1a tﬁa only aﬁitable tube
material, Teéhniquea of coating the wall with varicus films,
fof exémple of‘phosphofic acid, to réduca the "activity" of the
wall are not foasible aa‘they are not trﬁnsparent'tﬁ‘ﬁicrowaves.
range could be used,

14

Possibly pure hydrocarbons in the c10 to C
The temperature of the walls may be controlled over the

range ~120°c to +200°C with the use of a reactor tube in thé
form of a condensger, A cooled raaétor tuba is described fully

on page. ]10. The temperature control may be achieved with a
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7-4!

sultable choice of coolant which must be transparent to

' nmicrowaves, Experiments with the ecosoled reactor tube wore

dissappointing but this was partly due to theo sensitivity of
the rasonant cavity to small changes in the raeactor design,
The reactor tube nay of course operate efficiontly if a

difforent working mode was adaptod for microwava powsr transference

Selectivity and Preservation Problems

One of tﬁe adﬁantages of the microwave aystem is the abs#nce
of electfodes. Howeverlio improfa the selectivity.of a chemical
reaction 6r‘perhaps to halp remove ﬁn ective specles, usualiy
hydrogen atoﬁs, from the discharge a metal catalyst is sometimes
necessary, Fortunately it was found that in the p;esent work‘

a metal catalyst may bo placod in the reactor tube without

altering tho physical characteristics of the microwave discharge.

'It i3 porhaps the choice of whother a metal catalyast 13 needed

that 13 tho advantage over tha d,c, discharge rather than the

.hbsenca of alectrodes,

Ona of tho major problems in discharge chemistry is that
thae products are.rrequently less stazble in the dlscharpe than
the reacfants. Thus, any tecﬁniqua that reduces the residence
tiﬁe of the unstable products in the dischargae is ot great
importance, Increasing the linear flow rate and/or using a
catalyst to limit the product decomposition, have their
limitatioﬁs cormercially owing to the cost of providing high
puﬁping rates and/or the ferﬁocwk of dead catalyst from the
reactor, '

Recently the spray absorhent techniqug‘has comae to the fore,
Resgarch into the production of hydrazine from ammonia has

shown that by spraying en ahsorbent into the discharge zone, to
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7.5,

romove the hydrazine as it is formed, greatly increasés the
yield of hydrazine‘gg), Ethylene glycol has heon used as an
ochsorbent, This method i3 akin to reducing the residence time
of the products in the discharge, The cost of separating the
product from. tho absorbent should not be forgotten in assessing
the economic value of a precess uaing the spray shsorbent
technique, Unfortunately we havs found the application of this
techniqae to the microwave discharge to be very limited, This
is because the temperature of the discharge i35 usually sutiicient
to vapourizq the absorbant which causes a very rapid rise in
pressure in the discharge zona leading to the extinguishing of
the‘discharge .

Aitechnique which may be of graat importance to microwave
discharga chemistry is the pulsing of the microwave radiztien,

McCarthy(ss)

has shown that by simply pulsing the microvaves ha
qbt#ined double the yield c£ frea radicals compared with a
contimous waﬁe; for a nﬁmber of discharge systems, The |
pulsing ot tha microwave poway affectively changes the residence
time of the excited species in the discharga. The extra coat of
providing Iacilities chould be easily offset by the increased

chemical activity in the discharge,

Type of Reactor Used in the Proesent Work

The reactor tube used in the majority of our experiments
was a sinple split-diameter tube @s shown in Fig.21. The
cavity was tunod to obtain a discharge.in the wide part of the
tube thus ensuring a constant distance from the ﬁiséhafge centre
to tho cold trap, The reactor type is almost cortainly a
hybrid of the.plug flow and CPSTR idealised reactors, The

thermal eddies and turbulence in the discharge zone rust cause
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mixing of the ga=z stream,
Several special reactors such as the silica condenser
were used in the ammonie work, Again thay werae conzidsrod

hybrids of the plug flow and CFSTR. idealised reactors.
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CHOXCE OF SYSTEMS

FOR INVESTIGATION



Choice of Systems for Investiration

Methanol, n~hexane, cyclohexane, benzene and ammonia were

considered as suitable for investigation in the microwave discharge.

From the literature enough evidence had been reported to indicate
any one of these compounds should provide sufficient data to
establish the performance potential of the microwave discharge
from & research and an economic point of view, Each compound
namoed above offered scope for detailed study.

Methanol is a simple molecule and the mumber of possible
products i3 limited, The methanol discharge could thus be
investigated without the need for complicated analytical
techniques., The possibility of producing ethylene glycol in
commercial yields was noted,

The saturated c6 hydrocarbons, n-~hexanhe and cyclohexeane were
chosen not only to judge the performence of the microwave
equipment but in the hope ot eventually comparing the kinetics of
breakdown and subsequent reactions of a linear hydrocarbon and
with a ring syastem. Products of commercial intereat wera thought
to be unlikely,

Tho benzene discharge appeared to be a promising system
from the data reported in the literature, A comphrison with
other discharge systems could be made and also with discharges
initiated by similar microwave equipment, Commercially the
system could prove profitable if compounds such as aniline,
diphenyl etc, could be produced in high enough ylelds,

One of the chenical processes especially suitable for
investigation was the production of hydrazine from the
dissociation of ammonia. An afficient, cheap method for

rroducing hydrazine would be of pgreat commercial interest and

" value, Again the performance of microwave discharge could be
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8' 1'

8.1.1.

8.1.2,

conpared with the numerous inveatigationas of the ammonia

discharge reported in the literature,

Scouting Experiments

Tho Methanol Discharge

‘Flow rates of 0,04 to 0,15 moles/min., over a range of

pressures, 15 - 40 mm Hg were tried. The methanol gave a deep

- blue discharge. The formation of tar and carbonacecus material

was not observed under the conditions of the experiment,
Analysis of the condensed sample stream was made on e Perkin
Elmer dual flame ionization chromatograph with a check analysis
on a Pya 104 single flame ionization chromatograph. Evidence of
two low boiling products in very low yileld was found. Higher

boiling products such as ethylene glycol were not found.

The N-hexané and Cyclohexahe Dischafggg

N~hexane pave qveryﬁright blue discharga. Sevarai runs
at-tlo% rateé 0.01 to 0.10 moleé/miﬁ. §ver.the pressure range
10 - 20 mm Hg war# made., The formation of an amber film on the
sides of the discharge tube was noted, Unfortunately the gas~
1iquid chfomatogr#phiclanalysis‘showeé fhe n-hexane to be 1§pure.
Qu#litativaly the exiaﬁsnce of four new iow boiling components
Qas found.r The preseﬁco of nickel wirelin the d;scharge
reduced the total conversion and also fhé number of 1ow_b§111ng
products to three. The formation ﬁ! two ﬁigh boilers was noted,
A pale reddish glov was seen neay tﬁe nickel Qire and was
probaﬁiy &ue.to the amissioﬁ apectrum of the hyﬁrogen atom
racombinations, |

Several runs were also carried out with cyclohexane in which

the flow rates were varied over the rangs 0.0l to 0.1 moles/min,
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8.1,3.

over the pressure range 10 ~ 60 mm Hg.‘ The dischargg was
usually a red-orange colour though this may have been due to

the noticeable deposits of carbon and an amber solid on the
silica surface of the reactor tube. Four low boiling components
end ona high boiling component were found by analysis of the
condenged sample stream, The presence of nickel wire in the
discharge reduced the carbon and amber solid formation to
negligible proportions, The conversion to other gaseous products

was also lowered,

The Benzene Discharge

Under the experimental conditions used, flow rates of 0.01
to 0.1 moles/min. end pressures ranging from 10 to 25 mm Hg, the
benzene at first gave a palo blue'discharga; However, the
discharge changed quickly to a red glow consequent with the
formation of carbon and an amber solid on the walls of the
discharge tube. fThere was an intoresting formation of products
in the reactor tube, see Pig,24. The wall above the discharge
was covered by carbon deposits, whilstrround the discharge zone
itsolf the walls were covered by an amber solid only, This
amber solid was also found along the length of the delivery
tubes to the cold trap.

Anélysis of the condensed product stream showed thé presence
of threa low bollers and one high boller, The conversion to the
low boilers increased as the energy input increased. The
presence of nickel wire in the discharge zone reduced the carbon
formation and a pale yellow g0lid was deposited on the walls,

The pale blue colour of the henzene discharge remained throughout
the experiment, The nickel wire alsc reduced théllaw boilan;to_

two and the ona high boller remained.
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8.2,

Mixtures of ammonia end bhenzene in mole ratios ranging from
2:1 to 51 were passed through the discharge, Benzene flow rates
wero varied from 0,03 to 0.08 molées/min, over a pressure range
10 -~ 25 im Hg. The colour of the discharge varied from bright
blue to almost white depending on the percentage of ammonia
preseht. In ali cases the decomposition of the Behzene to
polymers, carbon a&nd other products was less than for the pure
benzene or benzene and nickel systems, A most 1ﬁterest1ngl
featurs of the benzene-ammonia discharge was the discovery of a
purple solid in the cold trap. The cplour of the so0lid indicatad
a structure containing an azo group, i.e., the benzene end smmonia
had interacted in the discharge, The purple solid was partially
soluble in benzene but completely soluble in acetona. Aniline
wag posaibly detected as a minor product, |

Discharges in benzens nixed with carbon dioxide, mole ratios
from 2:1 to 471 respectivaly, were also obtained. Decomposition
to tar and carbonaceous matter was very slight. _Nb other products

wore detected,

Conclusions

The microwave discharge in methanol offereod little of 1nter$st.
Decomposition was slight and products of commercial interest such
as aethylene glycol were not detected, Hence no further work on
methanol was proposed,

" The n~hexane discharge, though seﬁéral gaseous products wers
found, presented difficulties in that the n~hexsne contained =
high percentage of impurities, The cost of obtaining pure
n~hexane was prohibitive to the present work and therefore

further investigation was precluded,
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The cyélohexana system was more promising. Pure
cyclohexane could be obtained cheaply and there was a sufficient
nunbser of new products to ba able to invesatigate the performance
of the microwave discharge, The marked effect of the presencs
of nickel wire in the discharge indicated the possibilities of
modifying the discharge to improve selectlvity etc,

. The discharge in benzene vapour proved to be the most
intersating of the systems tried, The ylelds of discharge products
were nodifted considerably by the inclusion of nickel wire in the
discharge, or by admixing ammonia or carbon dioxide., A solid,
possibly a derivative of azo—ﬁenzehe structure, was obtained from
tho benzene and ammonia discharge, This indicated perhaps that
some interaction of phenyl radicals and amino or imino radicals
occurred in the discharge,

It wans thareforo proposed that the benzene discharge be
investigated further, The cyclohexane discharge was also
suggaested as suitable for further investigation if only to compare
the breakdown of a saturated with an unsaturated ring sys;em.

The methanol and n~hexene systems were excluded for the reasons
discussed previously, The ammonia discharge was also to be
investigated further, oot only because of the great commerciﬁl
1ntéréat but also to judge the ﬁerformanc; of the microvave

discharge in the dissociation of small molecules.
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DISCHARGE TO THE PRODUCTION

OF HYDRAZINE FROM AMMONIA



The Application of the Microwave Discharge to the
Production of Hydrazine from Armmonia

Early methods for the preparation of hydrazine salts, from
which the hydrate was produced, depended chiefly on the reduction
of compounds containing a nitropen to nitrogen linkapge. Only
later was the decomposition and/or oxidation of ammonia end its
derivatives utilized in the preparation of hydragine. 0f these,
only the Raschig synthesis, which involves the partial "oxidation"
of ammonia by hypochlorite, has been the only preparative method
to be developed commercially, However the synthesis as developed
by Raschig in 1907, though simple in its appearance, still
represents a very expensive chemical process, It i3 for this
reason hydrazine particularly, and its salts, are not widely
used industrially,

Hydrazine has an interesting and useful chemistry., Hydrazine
18 used not only as the free base and its common inorganic
compounds, but also as an intermediate for the production of
othor useful claases of incorganic and organic compounds, With
tho availahility of cheap hydrazine, either in the form of the
hydrate or other salts, such applications could be considerably
extended,

.One of the main uses of hydrazine 18 as an organic intermediate
in the mznufacture of heterocyclic compounds, Hydrazine 1s also
uzed as an intermediate in the preparation of phenylhydrazines
which are used in the manufacture of azo-compounds, Hydrazoic
acid and its derivatives are preparsd from hydrazine., The
reducing properties of hydrazine have been applied to several
specific cases of water treatment.

Poerhaps the best known. use of hydrazine is as a rockét fuel,

When used with powerful oxidising agents such as hydrogen perdxide,
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oxygen, and funing nitric acid it is an excellent fuel, However
the reacfion'with oxygen has recently assumed an even greater
1mpoftaﬁce ﬁith the developmenf of the hydrazine - air tuél céll.
This has ﬁroved to be véry efficient. The production of cheap
hydraziﬁe would offer gréat potentiallin‘this resbect.

Considerablé intere#f has also heen shown in the use of |
hydrﬁzine derivafives in the plastics field., The products |
formed eithsr.by reaction with aldehy&es or ketones, are said
to ba clear, resistangiiydrolysis and capable of bqing moulded,
drawn and spﬁn into fibres, Hydrazine and derivatives have also
heen shown to bhe useful as solder fluxes, antioxidants, in the
metallization of glass and plestics, photographic chemicals,
insacticides and fungicides, therapeutic compounds, qnd rubber
softeners and plasticizers,

It is apparent that hydrazine if avajlable at a competitive
cost, would find widespread application in hdth inorganic end
organic syntheses, It is upon this cost reduction basis that a
great deal of research has been carried out in recent years.

The research has either involved:
a) en attempt to produéa hydrazine by the direct combination

of hydrogen and nitrogen,
or ' '
b) the synthaesis from ammonia either by dehydrogenation or by

somo cheaper and more efficlent oxidative method,

‘Research with the electrical discharge has involved both the
above processes, However the synthesis from ammonia has found

preference,
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9. 1-

9. 1' 1.

Investigations of the Ammoniag Discharge from the Literature

The decomposition of ammonia in the elactrical discharge has
been studied fairly extensivaly but with few consistent results,.
Yields of hydrazine reported for various discharge systems havé
ranped from O ~ 50% based on the armonia 1nput(96-1°2’118-121).
A number of‘correlations have been put forward for the yield of
hydrazine and electrical discharge paramaters such as‘discharga
éurrent,‘ field strength etc,, The b‘aéio mech;nism of ihe :
decomposition of the ammonia has boen likened to that found in-
the photolysis of ammonia, However confusion still exists as

to the mechanism and products of the primary dissoclation

reaction of ammonia,

Basic Decomposition Processes

Attempts have been made to identify spectroscopically the

excited spacles first formed, Harzberg and Ramsay(los)

s 3tudying
discharges in streaming ammonia, found an extremely complicated
multi=-lineg sﬁectrﬁm, ca;led the ¢ - bands, in the regicon 4,200 -
3,300 A, The & ~ bands were alsp observed when ammonia was
1rradiate¢ with ultra-yiolet ligﬁt. ‘The @ = bands were sugpected

to ba due to vibratlonal transiiions of the NH, radiecal, though

2
they pay also be a transition between two excited states of

axmonia. Photochemical studies suggest,

-

NH, + h9 —= NH, + N

3 2

Ammonia, decomposed in a flash photolysis experiment at

10 m g0

, showed approximately fifty absorption lines in the
region 5,700.~ 6,900 A coinciding with the emisaion spectrum
discussed above and no doubt dug to the same species, The
structure of the spectra, both emission and absorption, showed a

poorly resolved fine structure, without obvious repularity and
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was not compatible with molecules containing more than one
nitrogen atom. Also the fact that the @ - bands occurred in

the absorption spectrum suggested very strongly the lower state
of the moleculs involved was the ground state., This immediately
eliminated NH and'NB3 as carriers since thsir absorption
spectrum was wall known, It was concluded that the ¢ = hands
were dua ¢o the free NH

2
of the spectrum was accounted for by the fact that NHz, in its

radical. The complicated structure

excited state, was a quasi~linear molecule i,e, it has a
slightly bent structure in which, with increasing amplitude of
the bending vibration, a transition of the rotational levels
from those of a ﬁearly symmatric top to those of a linear

molecule took place,

(105)

Dressler and Ramsay have analysed the transition 2A1 -

281 both for NH_ and ND In the ground state.'&—zBl. the

2 2*
moleéule is stronglylbent as in the ground state of H20 while in
the excited state, A gAI; it is nearly linear, as mentioned
above. The two states arﬁsa from a singla 2V} state of thé

' lineér mclecﬁle because of a strong vibronic: (Renner-Teller)
interaction, |

(106) have studied the

Rocently Okabe and Lenzi
photodissocintion process of ammonia in the vacuum ultraviolet,
They found evidence for the existence of both NH2 and NH radicals

at varying wavelengths of incident radiation,

at wavelength > 2,000 & NH, only
1600 to 2,000 X both radicals detected
£ 1,000 & NH only

For incident light of below 1200 A Okabe and Lenzi found the

ionization process,
Ny —= NH,SS 4+ e
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(107)

Stukel and Vedge experimented with flashing ammonia

at pressures of 0,1 to 0.8 mm Hz., with vacuun ultraviﬁiét. g
Their results were basically in agreement with other workersuoa'm9
The NH species was found < 1 p sec, after the £lash and so was
concluded to be & érimary specles.

The formation of the free radicals NHz end NH arising from
the decomposition of ammonia by an electrical discharge, photolysis,
atc, has thus been shown to depend on the energy supplied to the
system, Low energy conditions are favoured for the formation of
NHz.‘ Higher energy promoted the formation of the TH radicals,
The energy of formation of NH2 is given as 3.8 eV, From the
wavelength.of radiation at which NH i3 first observed the energy
required for the formation of NH 15 approximately 8.0 eV,

(110)

The expariments of Hanes and Bair , With a pulsed r.f,

discharge in pure ammonia, indicated that NH2 wag the primary
product and that NH was relatively unimportant. The primary
process was assumed to be easentially the seme s in the

photolysis of ammenia

+ energy — > (NH)*——=8H, + W (1)

Ni 2

3

The rate of decomposition was independent of total presasure
under the conditions of their experiments 1,e. pressure 0.4 ~

0.3 mm Hg, static discharge system, Confirmation of the primary

(111)

dissociation of ammonia into NHé. was supplied by Dyne who,

using a 5 kW r.f. oscillator, obsorved & = bands in absorption
due to NH, radicals, The discharge was pale mauve at
arproximatoly 10 mm Hg.

The NH. radicals once formed can then unqqrgo a‘number of

2
reactions of whicb
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is the major process. The reaction between NH2 and Nﬂa has been
showm to be energetically unfavourable(;lz). However, the
hack-~reaction with hydrogen atorms,

NI O+ ¥ —— NH (3)

2 3
can occur but is pressure dependent.
The hydrazine formed by reaction (2) is very susceptible to
aettack, particularly by H atoms, The mechanism of the reaction

of hydrogen atoms with hydrazine as given by Wiig and

Kistiakowsky(lls) is as follows,
H + N2H4 -——-;—‘Hz + N2113 {3)
{114)
Tha investigations of Dixon agreed with the above

scheme. However the observed decomposition of one_mo;e of
hydrazine led to more than one mole of permanent gas and less

~ then one mole of ammonia, indicating that a side reaction
(114)

destroyed some Nzﬂs. Dixon proposed the following reaction,

2 &)

H o+ NH —— 2, + N

This reaction would increase in rate as the hydrogen atom
concentration ineressed, thus decreasing the ammonia yield but
1nc:easing‘the.yie1d or'permanent gas dbove tha§ expected, in
accordance with the experimental results. The experiments were
performed'at prﬁssures.i-l mm He. Dixoh also found that tha
hydrdgen aiom“concéhtration had to be ten times in excess of the
hydrazine concentration in order to obtaiﬁ total décémposifion
of the h&draztns. It wﬁs supggested that thé majority of the
hydrbgen atoms weéé being removed by recombination on the walls

of the containing vessel, under tha experimental conditions,

hefore reaction with the hydrazine molecules occurred,
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The attack of hydrozen atoms on hydrazing also gave a

faint green-yellow luminescence in the.spectral region 35,200 =
(113)

5,700 A 1.0, in the o - bands region. Ghosh and Rair
attributed the lunminescence to the reaction
. « L2 »
NH, + H —= NH, + m‘z“‘x) (8)
Estimates of the emission quantium yield showed that
raaction {8) was a relatively minor process.

Schiavello and. Volp:l.( 116)

studied the reaction of hydrazine
with deuterium atoms and found 95% of the ammonia formed as
the final product was undeuterated. Hence the major reaction
process was the hydrogen ahstraction resction,

NJH, + H — N, + Hy (5)
i.0. in agreement with the findings of Dixon and other workers,
Howeveyr tha rasults‘dbtained from the expe:iments on the attack
of hydtogen atoms on hyd;éztne must be viewed with caution,
Not only were the pressures involved 10w, <1 m Hg in nmost cases,
but only hydrazine was prosent as the initial reactant, a case
far removed from studying fhe decomposition of armonia where
hydrazine is only a minor product., Bearing in mind the
discussions above, a general reaction scheme can be predicted
for the decomposition of ammonia in an electrical discharge or
by photolysis etc, The importance of the individual reactions
depénds on the physical characteristics of the decomposition, e.g.

ammonia flow rate, pressure, energy input, ete,

N, + energy —s (Nﬂé)*—mwea-NHé + _H" (1)
N, + NH, — > NJH, B ¢
side~reaction, .
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- .

H o+ 0 o+ M Hz (4)

N, + H— u'z + N HS (5)
NS+ N 2N, + N, @
N2H3'+ H'—> 2H, + N, (7)
NH, + H'——?rma + m::;‘ (3)

Again it should be noted that the above reactions are
consisteht wifh results thained at pressures of.éalo mn Hg, low
enorgy inputs and flow rates of O - 10 ° moles NHslmin. The
ammonia ﬁéy be excited to numerous states from which the
dissocliation to amino radicals and hydrogen-atoms is possihble,
6r deﬁctivation by collision or enorgy loss by radiation may take
place,

Higher energies and pressures appear to favour the formation
of tho NH radical in theiprimary dissoclation of ammonia, Little
research has been carried out as to the processes by which NH is

(117)

used up, though Diesen , in shock wave experiments, has

found evidence for the reacticon,

N + NH = NI

]
21{2 ——-9_N2 + B

2

The following reaction sequence indicates the pogsible processes,

NH, + emergy -—> (NHy)* ——> NI + 20 )
N+ NH"—H@Nzﬂ‘?-—> N, + H, (2)
NE® o+ HT > NH, ’ | (3)
Ni© o+ NH, N, H, ' (4)
NoHg + NJH —> ONH, + N, | | (5)
NH, + NH, —>NH, (8)
NH, + N> NH, %3
o+ B O+ M (@
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The importance of individual reactions will depend greatly on
tha physical and geometrical characteristics of the discharge
reactor. I

In conclusion basic research has shown that NI, the amino

2
radical, is the species formed by the primary dissociation 61
ammonin at low excitation energies and low pressures, 'The NH
radical {2 formed gither by the_primary dissociation or armonia
or by a secondary reaction bhetween exqited NH2 radica;s, at
h;ghar axcitation enqrgies anq higher ammonia pressures. |

9.1.2, Investigations of the Paramsters Affecting the Yield of Hydrazine

Many workers have taken a less hasic approach to the subject
of thoe decomposition of ammonia and have concentrated more 6n
increasing the yield of hydrazine and determining the parameters
affecting the yield, Empirical relationships have boon postulated
to explain their résults, for instance in relating discharge
current to pressure, field strength to pressure, rasidence time

(;18) into

to yield, etec. An investipation of Devins and Burton
the deconmposition of ammonia in a d.c. electric discharge in

the pressure range 0.6 ~ 11 ma Hg showed hydrazine, nitirogen and
hydrogen wera produced. Nitrogen was in fact produced unifdrmly‘
throughout the diséharge whilst hydrazine was produced
significantly only in the positive column, The hydrazine yleld
wag limited by a back reaction with atomic hydrogen. Catalygia
of hydrogen atom removal, using platinum black f£ilmg, increased

the hydrazine yield, This phenomena was confirmed by other
{119,120) ‘

workers

Miyazaki(IZL)

, using a silent discharge system, found the
ratae of decomposition of the ammonia was suppressed by the

hydrogen atoms produced by the decomposition. Hydrazine was not
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ohserved over the pressure range 5 = 15 mm Hg.

oucht {122)

made observations of the effect of varying the
characteristics of the discharge itself, Intermittent discharges
gave a hydrazine yield approximately twice that from a 50 c/s
discharge, Electrical yielda ifrom rectangular waves and impulse
waves were found to vary inversely with the product of electric
power times the residence time of ammonia in the discharge,

(123) investigated the mercury - 6 Cry -

McDonald and Gunning
photosensitized decomposition of ammonia at room temperature
under both flow and static conditions. Nitrogen and hydrogen
wefe produced in the static e#pariments whilst hydrazine was an
additional product in the flow experiments, The quantum yleld
of ammonia decomposition in the flow experiments did not depend
on the flow rate but increased in an exponential manner from a
value of 0.09 at 650 mm Hg towards unity at low pressures as the
reaction pressure wﬁs decreased, Tha percentage of the
decomposed ammonia which was recovéred as hydrazine increased
from zero at low flow rate to 95% at high flow rates. At a
fixed flow‘rate, the hydrazine to nitrogen ratio increased as
the ammonia pressure was increased, from zero to a maxipum value
which was pressure independent zt higher pressures. Also the
hydrazine to nitrogen ratio increased as the incident intensity
of 2537 A radiation was decreased, When ethylene was added to
the mixture, the hydrazine to nitrogen retio was markedly
increased; probably du# to the rapid reaction of the H atoms with
the carbon-carbon double hand, However, when platinum wire was
introduced into the irradiated zone, the reaction was found to be
unchanged, This last result is in direct conflict with the

(118-120)

results of other workers Pressures varied up to 650 mm K
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and linear flow rates from 20 - 1600 cms/sec, Further

(124) showed that the rate

experiments by McDonald and Gunning
of decomposition of ammonia was independent of the linear flow
rate but depended upon the ammonia pressure in the reaction .
zond, The fraction of ammonim decomposed which was recovered
as hydrazine while independent of ammonia pressure, increased
markedly with increasing linear flow rate from zero in the
static system to 0.84 at a linear flow rate of 1750 cm/sec.
They alsc found that the energy yield of the amronia decompoaed
under flow conditions was conslstently higher by a factor of
approximately two than for static conditions at the same
pressures,

Two 1mporfant conclugions can be drawn from these

investigations,

a) as hydrazine ia more ausceptiblé to decomposition in the
discharge than ammonia itself. 1t follows that the
residence time of hydrazine in the discharge must be as

low as possible,

b) as hydrazine is also Iost by the reaction with hydrogen
atoms produced in the diacharge, any catalyst or technique
that aids the recombination of the hydrogen atoms must

| increase the yield of hydrazine

\
9.1.3, Commercial Systems for Production of Hydrazine from Ammonia

One of the more successful attempts at hydrazine production
has been patented by Manion and Daviesclzs). The process
involves preheating of the ammonia to 350 - 4oo°c, and passing
the ammonia through a glaas discharge tubas at flows of 3,000 -~

30,000 cns/min. and preséures of 5-50 mm Hg. The discharge tube
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contained a number of inert non-ccnductive projections
extending outwards from the imnner walls of the tube between

tha electrodes in the area of the electrical discharge, Thoy
found that the combination of maximm surface and minimum
residence time in the discharge region resulted in a substantial
increase in the yleld of hydrazine, Yields of hydrazine ranged
from 20 g/Kwh to 38 g/Kwh at approximately 40 mm Hz, and a
linear flow rate 9,000 cms/sec, The extended surfaces were,
presenting a large area of surface in the active region of the
glow discharpge, effoctive as a catalyst in bringing about the
reconbination of hydrogen atoms. The back reaction of hydrogen
and hydrazine has been shown to seriously reduce the possible
yield of hydrazine, Howevar the manufacture of hydrazine by the
proposed apparatus would be very expensive due to the need for
very.high capacity pump;ng and_a separation/purification system
to deal with a product stream containing approximately 0,1 ~
0.2% by welght of hydrazine,

Repemtly work has heen carried ocut using aﬁ absorﬁent to
remove the hydrazine from the discharge zone, The technique is
equivalent to reducing the residence time of the hydrazine in
the discﬁarge énd héncé, as discussed above, mﬁst increase the

(99) used ethylene

yield of hyﬁrazina. Thofnton and Spedding
glycol is.the ab#orbent, hnd 80 far have obtained ylelds of up to
10 g/kvh in a d.c. discharge. Howevef the separation and
purification of the hydrazine could sttll prove costly.

(99) exparimented further with a d,c. pulsed

Thornton
discharge with a variable on-period, Pulses of duration in the
range 10“4 - 10.5 sec. werae used, The pulsing of the power had

the effect of decreasing the residence time of the excited
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9.2,

species in the reactor. This led to a considerable increase
in the yiélﬁ of hydrazine, As the un—perioq was sho:tened the
yield rose and became independent of the power intensity. The
best yield obtained so far was about 15 g/Kwh,

Deving and Burton(lze)

, found that hydrazine formed in
yiélds up to about 30 g/Kwh from-a d,c. discharge in a streanm

of ammonia for a short period in the pressure range 3 - 10 mm Hg.
Maximum yield was obtained by preheating fhe reaction vessel to
about 200°C and by utilizing a Pt catalyst inside theo glow
chamber, The reactor was designed so the ammonia flowed

trangsvaraaly through the positive column which resulted in a

residence time of not more than 10 milliseconds,

Analytical Tebhniques for the Determination of Hydrazine

Before commencing the investigation into the decomposition
of smmoniz in the microwave discharge, a method for determining
hydrazine in the presence of armonia was required. However it
has been found that the combination of an acidimetric with an
oxidimetric mathod affords a procedufe for'determining both
total baée and #y&raziﬁé. For exaﬁple, a hydrazins solution
aftér titration with standard écid can he fitrated, using the
{odate method. The difference in the twb titréa gives a measure
of the amount'of othaer basic components that are preéent.
Accuracy of this brdcedﬁre has been proved'by the work of

(127). However with the concehtrhtion of

Penheman and Andrieth
ammonia envisaged, the above method would be inconvenient with
a very large titration for ammonia.

Andrews(128)

showed that in the presence of a high
cdncentration of hydrochloric acid (3-9 M), jodate is reduced

ultimately to iodins monochloride.
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107 + eH" + CI7 + 4o —» ICI + 3H0

The iodine monochloridé forms a éomﬁlex lon with the chloridé
ion,

Il + C1° —— ICI;

in thé 1n1tia1.§tages of thé rééﬁtion fﬁee‘iodine is
liberated; as more titrant is added the oxidation proceedglto
1odine moenochloride, and the dark colour ot the solution

gradually diaappears Hydrazine reacts with potnssium 1odate

under the above Andrews canditions, thuss~

I0; + HMH, + 20" + €17 —>IC1 + N, + 3HO

Henceo we have a apecific titratioﬁ, whi¢h utilizes the reducing
powey of hydrazine, in the presence oflammonia. Tha détection
of the end-point 18 hy the disappearance of the 1od1ne colour
from a few mig of carbon tetrachloride added to tha aample
solution. The extraction end=point 13 very sharp. Starch
cannot be used a3 the characteristic blue colour of the
starch-iodiné complex is not formed at high acid concentrétion.
Modifications have beeﬁ proposed to the above titration but
show no spec111c advantaga ovey the basio method(lzg)

A standard solution of fodate is prepared from disSolving

5.350 g in 1 litre. Tho solution i3 0.1 N only for the reaction

107 + gt + €17 + 40 —— IC1 _+'3H20

The procedure is quite simple, To a glass-stoppered
flaszk containing the solution of the sample is added 20% more
than an equal volume of concentratod hydrochleric acid (12 N)
and 5 mls of carbon tetrachloride, Standard iodate solution is

then added until the aqueous layer begins to change from a dark

brown colour to a light yellow. At this point the iodate is
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added dropwise and the soluticn shaken vigorously after the
addition of each drop, When the iodine colour is completely
discharged from the solvent layer, the end-point has Lheen
reached., The final normality of the acid should be between
3 and 5, Thoe $implicity of the method provides a very
coavenient way of analysing fof hydrazine,

A coiourimetric method, using the dys-p ? dimethylamino-

L

benzaldehyde, has been suggested and proved accurate by Pesez
and Pet1t{ %% me compound reacts with hydrazine to yleld an
azine that rearranges in the preosence of strong acid to give a

quinold structure with an intense red orange c¢olour.
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9- 3.

9.3.1.

The absorption maximm is at 4,500 A, and tho intensaity
of tho ahsorption was found t¢ be linear with concentration in
the range 0.08 to 0.8 11 g per ml, ‘The colour was found to reach

a maximm intenstty after 15 mins and is gtable,

Experimental Detaila

Simple Flow System

Preliminary testing of the microwave system had shown it
wasg possible to maintain & discharge under flow conditions and
fﬁirly high pressures, The heating effect of the microwaves
precluded experiments under sStatic conditions, For a flow
system, the main requirements for investigating the performance

of the smmonia discharge were,

a) a measurement of the flow rate, pressure and temperature

of the ammonia gas,
b) a collection aystem for the hydrazine,

c) an absorption system for the waste ammonia,
The armonia gas was of greater than 99,9% purity, obtained from
1.C.)Y, Limited, and was used without further treatment,

At first the ammonia offluent was absorbed in g series of
absorption traps containing strong hydrochloric acid solution,
The exhaust gases from the reactor were initially cooled by a
"eold finger™ placed across the gas flow, Preliminary qxperiments
also involved the addition of the colour reagent
p-dimethylaminobenzoldehyde in strong hydrochloric acid to the
first absorption trap to give &n immediate indication of the
prasence of hydrazine,

A straight silica tube, internal diameter 22 mm, was used

a8 the discharge reactor. The systom was flushed with nitrogen.
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Ammoniz was introduced and a discharge obteined easily on the
minimum input power available, approximately 0.8 kw, Absorption
of power. was ~- 20%. However tho prossure and flow rate of
armonia were impossible to measure owing o a pulsing _
phenomena which resulted from the absorption of the waste
armonia gas in the traps, Estimated pressure was > 40 < 100 mm Hg,
The pulsing was diminished, however, by packing the traps with
Raschig rings and also bubblers, grade 0, were fitted to the
delivery tubes, - Several runs were carried out, flow rates -

0.1 - 0.3 moles Nngfmin and reactor pressures 130 ~ 200 m Hg,
without hydrazine being detectad. Howaver certain conclusions

could be drawn;

a)  flow rate and pressures were now measurable,

b) the abéérﬁtion'éapﬁcity of the traps was too low.

c) ;he maJ§£ ;réblem ﬁeveloped.in obtaining a good ﬁacuum was

due mainly to the number of large quickfit joints and

taps in the system.

To obtain the required absorption capaéify for the ammonia,
as' Q.V.F. packed column was intfoduced into the system,
see Fig, 25. A good vacuum was still obtained. ‘The hydrazine
was to be absorbed in two small traps befors tha Q.V.F. column.
However, the small traps again were the liﬁiting'tactor
geboming rapidly satufated with ammonia, Several runs were
made, flow rates 0.2 -‘0;4 moles NH,/min end reactor pressura#
40 - 400 mm Hg. No hydrazine was detected.

A ﬁroposai to absorb the exhaust gases completely in the
Q.V.F, column was abandoned, The dilution effect of the fiVQ
11tre$ of hydrochloric acid in the tower was too great for an

accurate hydrézine analysis,
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9.3.2,

Investigation by On-line G.L.C. Analysis

The acquisition of a gas chromatograph unit facilitated
on~line analysis of the reactor exhaust gases, The hasic unit
conaisted of a Pye Model 34, 104 series gas~liquid chromatbgraph.
This has an isothermal oven and a kathomometer detector. A
5' glass column packed with polyethylene glycol 1000 on
Chromosorb W was chosen, Nitrogen and argon were availabls as
carrier gases though helium would provide m much higher
sensitivity to hydrazine, The use of helium as a carrier gas
was restricted due to its high cost., 7The preparation of
standard moles to peak area curves for nitrogen, hydrogen and
enmmonia could be accomplished without difficulty, The problem |
lay in quantifying the hydrazine analyses. Hydrazine hydrate
wag chosen to prepare a calibration curve for hydrazine,

Small amounts of hydrazine hydrate (0 - 1 ul) were injected,
Hydrazine was easily detectable, Injections were made of
mixtures of hydrazine hydrate and ammonia solution, The ammonia
and/or water had no effect on the size or shape of the hydrazine
peak,

To make quantitative neasurements on the products from the
reactor we needed to know

a) the pressure of the gaseous mixture,
b) the volume of the sample loop.
c) the temperature of the gaseous mixture,

A sample valve was supplied with the chromatograph. This
wag made of Teflon and was suitable for sesmpling under vacuum,
Various sample loops, # ml « 23 mls could bo fitted, The valve
wa3 fitted into the flow system as closé to the discharge as

possiblae, Several runs were made but no hydrazine was detected,
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The gas sample obtained was also thought to have been due to

diffusion which of course would lead to falsa product ratios,
The beat way of obtaining & representative product sample

was to allew the full flow of the discharge exit stream

through the sample valve, Unfortunately the small bore of

the teflon valve so reatricted the ammonia flow in the systenm

that the pressure quickly built up to the point whers the

discharge was extinguished, A system using two 4-way taps

in series was devised and constructed.  The volume of the

sanple loop was 63,5 ces.
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The gbove operatioﬁé éould‘be carried.out-quickly and
hence repeated sampling was possible with smg;1 t£me intervals,
Several runs were carried out using nitrogen or Qfgon as the
carrier gas, The flow rates ranged from 0.1 to0.0.5 moles/min
and the pressures from 40 = 400 mm Hg, Hydrazine was not
definitely detected from thé chromatograph,
There were three possible reasons for hydrazine not being
detected. -
a) the operating conditions of the chrbﬁatograph were such
 that any hydrazine decomposed on the column. This was
unlikely as samples of hydrazine hydrate survived under
‘similar operating conditions, |
b} the hydrazine was condénsing out in the delivery tubes

hefore reaching the chromatograph,

¢} eny hydrazine formed in the discharge spontanecusly

decomposed under the'conditions pravailinglin the discharge,

To oxclude the possibility of the hydrazine condensing
before the G.L.C. the whole of the sampling loop and associated
pipework was bound with asbestoa and electrical heating wire,
The temperature of the sample loop could be varied up to
approximately 100°% by the use of a variac. Runs were
carried out at flow rates of 0.1 to 0,5 moles NH_/min and
prassures of 40 - 400 ﬁm Hz. Helium was used ag the cﬁrrier gas,
Hydrazine was not datectéd. |

In view of the fatlure to cobtain even iraces of hydrazine
it was decided to analyse the reactor effluent to see if any
nitrogen or hjdrbéen'was formed in the discharge, 'The

operating conditions of the G,L.C. were suitably altered to
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separate the permanent gases from the ammonia, Using a
nodified sample loop, the percentage decomposition of the
armonia was determined by sampling the whole of the discharge
protuct stream, The ammonia flow rate wag varied, the
pressure being kept approximately constant, see table 4,
The ratio of the permanent gases, hydrogen to nitrogen,

was found to be 3:1, under the experimental conditions used,
This indicated the complete dissdciation of the ammonia,
the hydrazine and any excited species into hydrogen and
nitrogen. ‘This prompted the determination of the hydrogen
to nitrogen ratio over a much wider range of experimental

conditions,

A cylindrical reactor tube, intermal dlameter 22 mm,
was used in the experiments to detect hydrogen and/or
nitrogen from the microwave discharge in ammonin. The sample
leop for the G.L.C. was piacad after the liquid nitrogen
trap and thus onlf permanent gases were detected, The
operating conditions of the G.L.C, were such that hydrogen
and nitrogen were easily separated, see Pig, 30, A molecular
sieve type SA column was used with helium as a carrier gas,
A series of runs were carried out, varying the ammonia
flow rate and pregsure, Hydrogen and nitrogen were both

detected and the mole ratios calculated, sea Tables Sa, b, ¢,

106



LOT

flow
neter

NH3

gas

¥

cooled in liquid N2/ethy1 alcohol,

Ficure 268 Floaw Quatem far Malins Analanda P Al Mmoo aeo

g to
manometer
REACTOR
1
cold
finger
flask e
-90°¢

liquid

trap

sampling
loop

!
s
:
I\
!

e .__<__ _.___‘-..

G.L.C,

Y

Y
to
atmosphere
Y
- pump permanent
gases



9.3.3.

Investigation by Analy=zis of the Condensed Products

Apart from the on-~line sampling of the dischearze stream
for analysis on the G,L.C., mmercus experimsnta were carried
out in which the reactor gases wera condensed in a cold trap
for later analysis, At first the coolant cardica/acetona,
was chosen such that only any hydrazine would condense at the
temperature of the cold trap, i,e. the production and
geparation of the hydrazing from the ammonia could be
conveniently carried ocut in the one appa;atus. A large coil
condenser with a flask attached were placed.downstregm of the
discharge see Fig. 27 4in a cold trap at -40°¢, Several
experimental runsa were made at reactor pressures beiween
100 = 160 mm Hg, and a flow rate of 0.2 to 0,4 moles Nﬂsfmin.
At the end of a run the flask and condehser were washed with
dilute ﬂydrochloric acid and the washings tested for the
presenca of hydrazine, with the colour reagent p-dimethylamino=-
benzaldehyde, Hydrazine was not detected.

It was though possible that any hydrazine formed may still
be carried through the cold trap by the flow of ammonia vapour.
This problem was circumvented by using a lowsr tempsrature,
-10060, and freezing out the ammonia as well, Liquid nitrogen
was used in the cold trap. lNany exreriments were carried out
over a range of reactor preasures from 100 to 400 mm Hgz And
hotwesn flow rates of 0.2 to 0.5 moles Nﬂsfmin. The poatassium
iodate titration was used in the analysis for hydrazine,
However hydrazine was not found.

The possibility‘of any hydrazine formed in the discharge
decomposing before resaching the cold trap prompted a proposal

for further post-discharge cooling, A "cold tingef" was placed
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immediately downstream of the diéchnrge zone, see Fig, 28.
A Jacketéd coil condenser was connected to the "cold finger"
and thence to a flask immersed in coolant at -100°C. A
peri-ataltic pump was used to pump coolant, methylcyclohexane
cooled by liquid nitrogeﬁ, at 40°C round the "ecold finger" and
éondenser. ‘With this post-discharge cooling, experiments

ﬁere made over flow:rates ranging from 0,02 to 0,2 moles Nﬂé/min,
and reactor pressures from 30 to 200 mm Hg. The enalysis of
the resulting condensates showed no evidence for the presence
of hydrazine, |

' It has been reportéd in the liferaturo that hydrazine

(132). Obviously the

decomposed rapidly on hot silica surfaces
longer the residenée‘time of the hydrazine in the feactor tube
* the greater the chance of decomposiiion on the silica surface,
Unfortunately a further reduction in the residence time was

beyond the pumping capacity of the equipment, It was therefore
proposed to cool the silica surface by using a silica condenser

as the reactor, see Fig. 21a. . The "cold finger" and cotl

condenser praeviously described were kept in the system, see Pig. 29.
Meihylcyclohexane, cooled hy 11Quid nitrogen to -4OPC, was

pumped round all thres cooling devices, The cavity was

ra=-tunad, A diécharge in amrmonia was obtained af hoth poinfa

of high f1eld strehgth'in'the cavity, théoretiéally'1mpoSsible,

see section fesulting in a large absorption of power.

Further testing showed that at pressures of > 50 mm Hg only a
aingle discharge was present. At pressures > 100 mm Hg arcing
occurred in the cavity, A change of coolant to a transformer

oil, Diala B (Shell), did not solve the above problems.

Moreover tho tuning of tha cavity was found to be greatly upset,
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. and on-tune conditions were difficult to obtain,

A problem of moisture condensation on tﬁq outer surface
of the silica condenser, resulting in an increase in power
‘absorption, was solved by blowing dry nitrqgen continuously
through the cgvity. |

A condenser similgr_to the original but with larger intemmal
diameters, 18 mm and 23 mm respectively, was made, This was in
~view of the dlf!iculties experienced with reactor tubes of
diametqrs 14 mpz and less in previogs experiments,:see section 7.9
On testing, normal tuning conditions were preéent in the.cavity
and a gingleldigchgrge wag chtained, However prolonged testing
of the silica condqnser showed changes in the cavity tuning .
occurred as the coolant warmed up during a run, In view of the
difficnltiea'with the cavity tuning, the cooling of the reactor
tube was abandoned. Possibly the only solution would be a
change in the cavity itself, Either a change in the mode of
power transference or a complete removal of the resonant

cavity and use, for example, a tapered wedge arrangement,

Temperature Profile in the Ammonia Discharge

As mentioned in the introducticn the tormation‘of free
radiéala is promoted by a low gas temperature and a high
electron temperature in the discharge. Fig., 32 shows the
temperature gradient existing through the ammonia discharge
under the stated conditions, A bare Ni-Cr/Al-Ni thermocoupla,
connected to a bridge circuit was used for the temperétura
measurement, Maxirmum temperatures of approximately 1000°b ware
found for the operating conditions of 40 mm Hg pressure, 0,04
moles/min, The temperature fell away rapidly to approximately

800°C five centimetres downstream of the discharge. Higher
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2.8,

9.5.1,

pressures, e.g. 60 mm Hg, 6.05 moles/min raised the maximum
recorded temperature to around 1100°C. It should be noted that
the thermocouple was open to .hombnrdment by excited s}:;Gcies

and recombination of atoms on the surface of the thermocoupla,
The temperatures recorded were therefore higher than the gctual
temperature in the discharge. However the low gas temperatures

found were condusive to the production of free radicals.

Experimental Results : Ammonia Studies

The smmonia flow rates were estimated as being accurate to
within #5%. The reactor pressure was measured on a mercury

nanoneter to within'izﬁ. The microwave power monitors;operatgd'

et'an overall accuracy of #15% but with a reproducibility of 95%,

The conditions for analysis of the permanent gases on the
g,L.C, were az follows,

Pye 104,-Model 34, gas chromatography unit

helium carrior gas, 50 mls/min

bridge current, 240 mA

oven tempefature'." 20% )

molecular siove colummn Type 54, S5' 1ong; % 1.4, GO - 80 mesh,

Based on the component peak areas obtained from the
chromatograph estimates were made of the hjdibgen and nitrogen
content to within an overall accuracy of +5% but with a |
reproducibility of greater than 93%.

All data tabulated was cobhtained with miqimum power output

from the microwavae generator, i.e. 0.78 Kw,

Discussion of Results : Ammonia Studies

The gariation of the power absorption in the resctor w;th

varying ammonia flow rates and pressures 1s indicated in Figs, 33
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and 34, At a constant :low rate an-increase in pressure
increases the power absorption, Again at a constanf pressure, £n
increase in the flow rate leéds to a decrease in the power
absorption, It follows that thare are certsin flow rates and
pressures for which the efficiency of power transference to the
discharge is an optimum, These conditions may not necessarily
be the best for the desired chemical reactions to take place,

The power intensity in the discharge is difficult to
define owing to the nature of the discharge. The discharge
centre probably occupiea no more than 1 cc. but the discharge
zone éan, uhdef carfain conditions. occupy the entifa lehgfh
of the reactor tube, 5 volume of up to 60 ces, At maximun
power input from the microwave penerator, an electric field of
3,000 volts/cm, is present at the centre of the dischafge. |
However, it should be noted that the efficlency of the power
transferenca 1s greatly affected by the tuning of the cavity.
For instance, a change in the reactor pressufe of say 20 mm Hg
necessitates the ietuning of the resonant cavity to maintain
qfficient power transfer.

Table 3 indicates the wide range of experimental
con&itions used in the attempts to produce hydrazine,

?ig. 35 sﬁp§s fhé variation of thé molé percentage
decomposition of the szmmonia with the mole flow rate of ammonia,
The actual porcentage varies from G,7% at fiow rate of 0.015
moles NH,/min to 0.08% at 0.3 moles NHsfmin.‘ The ammonia
decomposed to the permanent gases} a hydrogen to nitrogen ratio
of 3:1 was found, The plot of percentage decomposition against
flow rate shows ;n exponential decrease in decompositioh from

low to high flow rates of ammonia, This is consistent with the
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9.5.2,

view that the longer the residence time in the discharge the
greater the likelihood of electron collislons with neutral
ammonia molecules to give excited specles. However this
raises the problem that as hydrazine 1s more susceptible to
dissociation than the ammonia in the discharga, the residence
time should be as short as possible, This weans in fact
high linear flow rates to reduce the residence time which
however leads to a decrease in the parcentage decomposition
of the starting mhterial, i.e, ammonia,

Tables S5ab and ¢ represent the ammonia pressures and flow
rates used in the determination of the hydrogen to aitrogen
fdtios. From the analysis of the permenent gases produced
from the deconmposition of ammonia in the discharge, it was
found that the mole ratio of hydrogen to nitrogen was
consistently 3:1, the ammonia decomposed through transient
species to give hydrogen and nitrogen. If hydrazine was
formad at dll‘under the conditions of the experiments it
spontanecusly decomposed to other exclited species which

finally gave hydrogen and nitrogen.

Intexrprotation of Results : Ammonia Studies

Hydrazine has not 50 far been prepared in a microwave

discharga‘lsl) though d,c. discharges have met with some

succéssclzs’lzs). The temperature of the dischgrge centre
was less then 1000°C and this should not in {tself prevent
formation or cause the decomposition of hydfazine or its
precursors. The complete absence-oi hydrazine, even uﬁder
analytical conditions capable of detecting less than cne part

ver million of hydrazine, suggests the necessary precursor,

i.e. the NH2 radical was not formed in sufficient numbers in
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9.5.3,

the discharge to glve hydrazine., Tho production of the
permanent gases in the'discharga must therefors have arisen
from the dissociation of ammonia to NN radicals, If this
assunption 18 correct and NI 1s the free radical foiwed
rather than NU

2
formation of hydrazine,

» this would prohibit any possibility of the

The colour of the discharge tonds to support the existence
of NH radicals in the discharge, secc Pig. 31, At low pressures
tha colour of fha discharge is palc mauve, which would indicate
tho prosence of NH rather than NH2(132). At higher pressures
¢ollisional deactivation of tho excited ammonia molecules 1s
important and thua the concentiratlion of frea radicals is low.
The yallow colour of the discharge would thus bhe the normal
emission spectrun of ammonia in & discharga(132).

i radlcals have not been found in equivalent d.c., or low
Irequency discharges. This ralses the point of whether the
microwave discharge induces higher lavels of excitation in the
gas nolecules in the dischargo to give a diffsrent distribution

of frea radicals or other transient specles compared with other

discharge systems,

¢

Conclusions : Ammonis Studies

In conclusion tha_decompositioﬁ of ammoiia in a microwave
discharge has bheen investigated. Evidence of hydrazine
formation was not fdﬁnd. The only products were the permanent
gases, hydrogen and nitrogen, in a mole ratio of 3:1, There
exists the possibility that thae microwave discharge excites
the molecules to higher energyjlavals then does the equivalent
d.c, discharge, see section Klﬁ. Further work on the system is

necded to confirm the presence of NH or NH2 in the discharge,
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by spectroscopic means;- if Nﬂz radicals are found, hydrazine
may possibly be found by increasing the linear flow rate of
ammonia and using reactor pressures in the 20 - 50 mm Hg
region. The slilica tube reactor may need coating to rsduce
the possibility of hydrazine decomposition on tha hot silica
surfacetlsa). Means of reducing tho residence time cof the
excited'Speciés and‘hyd;azihe in the discharge by pﬁlaing of
the microwaves ;nd/or by a spray absorbent, should be
exanined, see soction 1-h~ The effect of the presence of a

metal catalyst, such as nickel or platinum, in the discharge

should also be investigated,



EXPERIMENTAL DATA : AMMONIA STUDIES



chart speed 1'/min oven temperature 20°¢
chart sensitivity 1mV/inch bridge current 240 mA
helium flow rate 50 mls/mi
attenuation %50

5' molecular sieve BA 3" colu

actual size

injection point

Figure 30 Example of the Separation of the Permanent Gases,
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mauve S— = yellow, tinged orange

mixture
mostly yellow base

a.g.

mauve - yollow, tinged orange
20 ©mm Hg 37 o He

/

23 mm Hg 32 mm Hz

basically yellow
30 mm Hg

armonia flow rate = 0,1 moles/min,

NH emission bands 2,800 ~ 3,900 A

NH,, emission bands ¢ = bands 4,300 - 9,000 A

Figure 31 Observed Colour Changes in the Amonia Discharge
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Distance Downsfréam from the Discharge (cms)

Figure 32 Temperature Profile of the Ammonia Discharge

‘ammonia flow 0,06 moles/min, pressure 40 mm Hg
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Figuré 33 Power Absorption Against Ammonia Flow Rate
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Figure 34 Power Absorption Against Reactor Pressure
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Table 3 Ranpge of Experimental Systems and Conditions Investigated

Flow and Trapping System Number of Runs Range of Ammonia Range of Reactor
Flow Rates moles/min, pressures mm Hg
Absorption traps, as in Fig. 25 10 | 0.1 - 0.4 40 =~ 200

Large coll condenser trapping
system, &s in Fig. 27 30 0,06 -~ 0.4 ) 30 = 200

Cold finger and condenser + . ‘
trapping system, as in Fig. 29 30 0.05 -~ 0,30 30 - 120

G.L.C. sampling for detection _ .
of hydrazine 45 0.02 - 0.30 20 = 150

G.L.C., sampling for permanent
gases + trapping system,as in ‘
Fig. 26 35 0,03 - 0,25 10 - 130



Table 4 Percentage Decomposition of Ammonia

Ammonia flow rate H, : N Mole % ammonia

moles/min. ia ¢ 102 decomposed
0.015 3.05:1 8.70
0,030 3.02:1 | 2,88
0,060 3.00:1 1,28
0.020 3.03:1 0,68

0. 155 2.97:1 0.34
0.200 3.00:1 | _ o.éo'
0.250 2,98:1 0.15
0,302 3.01:1 0.03

reactor pressure 23 mm Hg. +2
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Table 5a : Mcle Ratics of the Permanent Gasesa

Constant flow rate, 0.062 moles NH,/min.

reactor preossure mole ratio Hé 3 N2
36 3,09:1
81 3.00:11
68 : 3.02:1
81 3.04:1
98 3.08:1
113 3.04:1
Table 5b

Constent reactor pressure, 42 mm Hg,

ammonia flow rate mole ratio H, : N

moles/nin, 2 2
0.042 2,97:1
0.067 2.98:1
0.092 2.99:1
0,124 3.09:1
0. 141 3.00:1

fabhle Sc¢

axmonia flow rate reactor pressure mole ratio
moles/min. mm Hg H, : N
2 2

0.40 79 2.25:1
0.485 146 3.00:1
0.249 161 2,.953:1
0.183 187 2,96:1
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Figure 35 Percentage Decomposition of Ammonia Against
Ammonia Flow Rate

7 L
®
6
5 +
® 4 r |
2 reactor pressure 22 - 24 mm Hg
p )
E
S’
ket
]
n
o]
O
§ 4k
o
2 O
©
o
=3
:
5 !
2. r
1-.
: !
. O 0.4

N
¥

ammonia flow rate (moles/min,)
s

¥

126



SOME REACTIONS OF BENZENE

IN THE MICROWAVE DISCHARGE



10.

10,1,

Soma Reactions of Benzene in the Microwave Discharge

The scouting experiments previousiy conducted on the

dizsociation of henzene in the microwave dischargse indicated
the arecas of intorest, see section 8.1,3, A scriss of
experiments were proposed involving the s&stems listed below,
1) discharge in benzene alone,

2) discharge in benzene in the presence of nickel,

3) discharge in henzene admixed with carbon dioxide.

4) discharge in benzene admixed with ammonia.

Experimental Detalls : Bonzene Studies

The benzene used in the experiments was of Analar grade
obtained from Fisons Limited, The carbon dioxide was a
standard bottled gas from Distillers Limited and the ammonia
of greater than 99,5% purity from 1.C.I. Limited, All the
chemicals were used without further purification.

A flow system was designed and set up, see Fig, 36. The
Platon tlosfat provided a constant volumstric flow rate of
henzene through the reactor against varying dowastresam
presgure, A “"split-diameter"” silica tube was used as the
reactor, see Fig, 21bh. Provision was made for on-line sampling
of the gas stream and/or condensing the products in a liquid
nitrogen trap. Analysis of the products was made on a Pye 104
series, Model 34 g;s chromatography unit, The resulta were
recorded on a Telsec 700 flat-bed chart recorder. Nitrogen
was used as the carrier pas,

The sample loop was heated to approximately 1so°c té
prevent condensation of hipgh bhoiling compounds in the loop.
The flostat was also heated to about 70°C and calibrated at

that temperature with a flowmeter.
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The analysis ol the gaseous products proved dif!tcﬁlt
because of their wide boiling range. These difficulties
ware exaggerated by the lack of temperature programming
facilities, Howaver after extonsive investigatlion a short
column of alpolymer head packing, Porapak @, provad suitable,
The Porapak Q@ was obtained from Waters Associates Limited,
Separation of hydrogen, cz, 03 and 04 hydrocarbons was possible
commensurate with a reasonable retention time for benzene,
Standard retention times for a range of low boiling
hydrocarbons were used to identify the products of the
discharge, The retention tinmes were obtained by injecting
samples of the known gases, For this purpose the following
gases were obtained from B.D,H, Limited:~ methane,_ethyleng,
acﬁtylene,.propane, propylens, butane, butene-l, cis buténe-2,
trans butene~2, isobutane, isobutylene,i;z-butadiene.

Ths high boilers, recovered from fhe cold trap, were
analyzed §n a short ﬁpiezon L colum,at a h;gher tempgratura{
netenfinn times of likely hipgh boilers such a3 naphthalene
ﬁnd diphenyl were defefminad. Calibrﬁtion curﬁes of molar
concentration against peak area were obtainéd by injection of
standard 0,01 M solutions in bengeﬁé for naphthﬁlene and
diphenyl. |

.During an actual run, the tlpstat was set at a
prédefermined value after tha discharge had struck, Samples
of the reactor geases from G.L,C, analysis were taken after
about five minutes, Liquid samples were collected in the
cold trap, Any carbonacsous deposits in the reactof tube
were burnt off after each run, ZEach run took approximately

two hours,

123



10.2.

Several series of experiments were conducted on the four
systems involving benzene vapour, Bischarges_werg ohtained
in pure benzene, benzene in the presence of nickel wire, and
benzene with admixtures of carbon dioxide or emmonia. In all
four systems the henzene flow rate was varied between 0,008
to 0,15 moles/min., corrected to N.T.P., over pressures
ranging from iﬂ to BO mm Hg.

Scouting experiments had shown the nickel wire to have a
marked effect on the yield and distribution of products. The
nickeal was in the form of fifteen sfrands of.le gauge wire,
length 7", bound together and placed in the discharge zone. At
least 70% of the nickel wire was downstream ot the diacharge.
Experiments were conducted over tha range of conditions
mentiohed abové. |

Benzene and ammonia in the mole ratios from 1:2 to 1:10
wera ﬁaséed through the microwave dischaxge. It was hoped
that from the wide range of mole ratios 1nveut1gat§d the
optimum conditions for the production of the purple solid found
in the scouting experiments would be established,

The preliminary investigations had also shown that at mole
ratioé of greator than 1.5:1, carhon dicxide to benzeme, the
decompositioﬁ of benzene was negligible. Mole ratios of less

than 1,3:1 were therefore investigated,

Experimental Results : Bénzene Studies

The conditions for analysis on the G.L.C. were as follows,
enalysis for low bollers,

nitrogen carrier gas, 120 mls/min.

oven temperature, 70°%C
bridpge current, 140 mA
Porapak Q column, 2' long 3" 1.d,, 80 -~ 100 pesh
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analysis for high boilers,;
nitrogen carriaer pgas, 120*;m15/h1n.
oven temperature, 18090
bridge current, © 110 mA
5% Apiezon L column, 2' long, 1" i.d,
The‘maximum arror in the analysis of each low boiling
component was +10%, The error in measuring the high hoilers
was greater but within +20% for each component, The
caleulations of the product cunveraioné were hased on the
component peak areas obtained from the chromatograph, The
product conversiocns were exprossed as the equivalent moles of
benzene converted to one product per moles of henzene passed,
a3 a percentage, and were tabulated ;n that form;
The retention time analysis of the low boilers showed
definitely the major products wera acetylene; 1,3-butadiene
and a C, hydrocarbon;, The 63 hydrocarbon was concluded to
be allene after elimination of propane and propylene by
further retention time analysis. Allene could not be
contirmad absolutely &S samples of the gas were not available
for testing.
0f the high boilers diphenyl and naphthalene were é;fmitau
identified. Other peaks wera ascribed to a substituted diphenyl,
phenylbutadiene and phenylacetylene, |
The benzene flow rates were astimated as being accurate
to within iﬁ%. The pressure in the reactor was measured on a
nmercury mancmeter to within 3?%. The microwave power monitors
worked to an overall accuracy of +15% but with a reproducibility

of greater than 95%,
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10.3,

10.3.1.

10.3.2,

Discussion of Regsults : Benzene Studies

Benzene Alone ¢ the Low Boilers

A large fraction of the benzene in the discharge decomposed
to low boiling gaseous products such as acetylens, allene and
1,3-butadiene; Traces of ethylene and butene-l were also
found. The conversion to acetylene was independent of pressure
over the range 10 -~ 50 mm Hg at benzene flow rates of 0,01 to
0.12 moles/min. At highef pressures experiments indicated the
conversion to acetylene became pressure depéﬂdent} The plot
of mole percentage against benzene flow raie is shown in
Figf 38a.  Conversions to acetyleno of up to 60% of the henzene
were found. | | |

The conversion to 1,3~-butadiene was independent of
pressure in the range studied, i.e, 10 = 50 mm Hg, The plot
of conversion to I,wautadiene egainst flow rate passed
through a maximun of 30% of the beniene fnput. The shape of
the curve indicated the possibility of the 1,3-butadiene being
derived from the intermediate in an unimolecular reaction,
sea ippenﬁix A, |

Small ylelds of allene were produced in the discharge,
The‘percentage conversion 6£'benzené to allene was constant
over the range of experimental conditions used, at about 2%
of the benzene input. It should be noted therefore that the

yiold increased with flow rate,

Benzéne Alcne : the ligh Boilers

In the present work, evidénce of tho survival of the
phenyl ring has been obtained 1n'the form of the following

products:- diphenyl, naphthalene, phenyl-butadiene and possibly
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rhenylacetylens, The formation of an amber solid, shown to
bs of a polybenzene structure by masa speétromatry was also
noted, see Fig. 50. The polymer absorbed 15 the ultra-violet
from 2920 mp with decreasing intensity to~ 320 mp, see Fig, 51,

In the discharée in pure benzene vapour, the‘converaion
to diphenyl was dependent on the reaétor pressure; At a
constant volumetric flow rate, 1ncreasing the pressure
drastically reduced the conversion to diphenyl, seo Fig. 41a.
At constant pressure, a plot o! converasion againat banzene |
flow rate showed a maximum, see Fig. 42a, It was concluded
that the yield of diphenyl was dependent on the residence
time of the excited species from which 1t was derived and of
the diphenyl itself in the discharge zone, The maximun
conversion to diphenyl found, under the conditions of the
exporiments, was 2,3% of the henzene input.

‘ Naphthealene, phenylbutadiene and phenylacotylene were
produced in condider&bly lower yields than diphenyl, A plot
of percentage éonversion to the abbve products against flow
rate showed a maximum, see Fip, 43a. The conversipn decreased
papidly at higher pressures, 7The total maximum conversion
to all three products was 0,8% of ihé benzene input, under
the experimental conditions, Naphthaléna was the major
component.. |

Gravimefric estimates of polybenzene formation indicated
that this was probably no more than 1% of the benzene input
and was reasonably constent over the range of conditions used,
Difficulties arose in assessing the conversion to polybenzenes
in that the product was spread over a considerably area of

glass-ware. Carbon formation was heavy, equivalent to the
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total decomposition of sbout 5% of the benzene input in the
0.02 to 0.08 moles/min flow range., The carbon formation

increased markedly with increasing pressure,

10.3.3. Benzene and Nickel Wire : the lLow Bollers

In the presence of nickel wire in the discharge the
converaién to acetylene was reducqq by up to one duarter that
found in benzene alané, sea Fig. 38b.The peféentage canferaion
to acetylene was 1ﬁdependent of pressure ovgr fhe range-ot
conditions studied, ”

The conversion to 1,3;butadiené was reduced by up to
ona third of that from the pure benzene discharge, Tha
convaersion was again indppendent of pressure and the ﬁlot of
convarsion to 1,3~butadiene against flow rate showed a
‘maximum, eee Fig. 39b.

The yiéld of alleﬁe was virtu#lly the.sﬁme as that for .
the discharge 1n'benzene alone, 1.8, independent of pressure

and flow rate,at about 2% benzene converted,

10.3.4, Benzene and Nickel Wire : the Hiph Boilers

The converaion to diphenyl was doubled in the presence
of nickel wire, over the range of pressures and flow rates
used, see Fig,425. A maximum conversion of 4.6% of the
benzene passed was noted. Increasing the reactor pressure
ﬁrastically reduced the yleld of diphenyl, see Fig, 41b.

"The yields of narhthalene, phenyl-butadiense and
phenylacetylens weore also doublad w;th nickel wire in the
discharge zone, Gravimetric cstimates of polybenzeno
formation showed a slight decrease in yield., Carbon formation

was also reduced,
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10.4.

10,3,

Visual Observation of the biacharge

On first striking the discharge in benzene vapour, a
pale blue colour in the discharge zone was noted, However
the blue colour of the discharge was rapidly hidden
consequent on the formation of carbon and polybenzene,
However at flow rates,>0,10 moles/min and low pressuréa;
carbon formation was slight and the blue colour of the
discharge hecame visible,

A similar phenomena occurred in the presence of nickel
wire. The blue colour was visible over a greater range of
flow rates dua to the tendency for carbon to form on the
nickel surface rather than on the walls of the reactor,

The hluée colour observed is perhaps indicative of the

Qo3

presence of phenyl radicals in the discharge The

tranaitioni 2A1 A 2B glves rise to sharp bands in the

1
spectral region 4320 ~ 5,220 A, 1,e, the blue region. The
excited state transitions of benzene itself are far in the

ultra~violet région of the spectrum,

Interpretation of Results ¢ the Low Boilera

(133) compared the :appearance

Momigny and Brakier
potentials of species from the benzene mass apactrum with
fhoae of the open=chain isomers (the four hexadiynes and
butadienylacetylena)., They found that the mass spectrum of
benzenoe was similar to butadienylacetylene and concluded

that the formation of an open chain ion was a astep in the

decomposition of the benzene molecule by electron impact.

+
@

open chain isomer was postulated., In fact they concluded

Isomerization of the benzene radiecal ion, CGH » Into an
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that not only CGHGT in any excited state but also csn;-’

and CGH4? in their ground-gtates derived from benzene, were

not cyclic but linear, 1.e,

B!
@ — caz-CH-cu-CH-CECH]*’ $Y)

(134)

Ottinger has shown, by analysis of the mass spectrum

ot behzene, that the following dissociation reactions can

occur,
canef —>cut + cn, (2)
CGH; _ can;-’ | + 0 3)
Coly’ ——> cdﬂs'f + CH, | 4)

It is proposed that in the present work that acatylene
and 1,3~butadiene are formed hy the disscclation of this
linear CGHG? ion, Roaction (2), being a one atep
dissociation, is more likely to occur in the discharge. The

04 fragments could conceivably react as follows,

C.H + + R

s 2 * @ > C LY

to give 1,3~butadiene, From the experimental results, at
low flow rates the conversion to acetylene was much greater
than possible from reaction (2). Therefore further

dissociation of the C4H4f m3t take place,

‘ +
C4H4- + e —— C2H2 + czuz (8)

to give two further molecules of acetylene,
With nickel wire present in the discharge the yield of

acetylene was reduced, It is suggested that this 1s partly
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expléined by the ecatalysis ol reaction (5) which prevents
further dissociation of the C4H4t ion, Niclial slso

catalyzes the reaction,

H + H —= H2

which ensures the supply of hydrogen necessary for reaction
(5). However the total yield of 1,3-butadiene and the c,
components of phenylbutadiene and nﬁphth#lena was also
reduced. This indicated stabilization of the primary ion
of the discharge, i.e. the cs"e?' Hence the nickel has
increased the possible selectivity qt reactions in thé
bhenzene discharge,

Allene was produced in constant conversion, over the
range of conditions used, with or wifhout_nicke; wire in
the d;scharge. It was proposed that the production of
allene or its precursor was derived from & different excited
state of the_henzene thﬁn that leading to the reactions
discussed above, This excitod state was possib;y produced
by the impact of an electron of energy above the mean, i.e.
the excited stato was only found for a narrow band of
e;ectron energies. The yileld of allene was thus controlled
by the mumber of electrons of the right energy in the
(134)

discharge rather than by any chemical paramster, Ottinger -

has found evidence for the dissociation,

+ + .

both of which firagments could proceed to allene,
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10.5.1, Interpretation of Results : the High Boilers
The precursorsof dipheny1>may be excited molecules of

benzene which dissociate to give phenyi radicalé. The
cxcited beﬁzéne molceccules could be formed directly or
through the benzene ion CGHG? by electron capture, The

. iatter is unlikely as the CGHGT ring structure isome?izes
to an open-chain, see reaction (1). Thus, diphenyl and
higher polybenzenes would seem to be almost exclusively
produced by the dissociation of the excited benzene
moleculés to phenyl radicals which then undergo subsequent‘
reactions with other benzene molecules, This would also -
explain the pressure dependence of the diphenyl yield, As
the reactor pressure is increased, collisional deactivation

of the excited benzene molecules becomes important

resulting in a decrease in the conceéntration of phenyl

radicals.
- * .
Xy energy y"\\* g -
— 31 —_— ‘ + H : (8)
=

_ (9
The diphenyl may then undergo further attack by phenyl

radicals to give polybenzenes,

The benzene molécule could also be attacked by other
highly active species in the discharge. The attack on
benzene of the C H * fragment may explain, the formation of

474 )

phenylbutadiene and naphthalene, e, g.
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+ : T NCH
fcn =CH - C =CH\)' — ! - (10)
<2 | ° \/ /éH -
_ ‘ca? '
,/\\\,CI - CH
' \ \JH . Ny

CH ‘ \/ /JH .

’ 2
The intermediate produced from reaction, {10) could

\
)

undergo an internal rearranpgement to give naphthalens,

In the presence of nickel wire in the discharge the
conversionsto diphenyl, naphthalene and phenylbutaaiene
were doubled, It is suggested that the nickel catalyzed
the reacticons involving phenyl radicals, such as feactioﬂ"

{9) aéd also promoted tho attack.of C4H4T on benzene
molecules, see reaction (10). .The.rapid removal of phenyl
radicals from the discharge would decreasé the amount of
‘long-chain polybenzenes formed but inérease thé amount of
short qhain compounds, i.e, diphenyl. This was borne ocut

by the experimental results. The catalysis of reaction (10)
should increase the yield of naphthalene and phenylbﬁtadiene;
again confirmed by the experimental results,

A compariéon of the curves for total henzene decomposition
against flow rate of the benzene and benzene/nickel discharges
indicates the nickel only slightly.feduced the overall
decomposition. The major effect of the nickel, thereforé,
was to alter the distribution of the produqts thus indicating
a degree of selectivity!

A reaction scheme can be built up to show the formation
of the products cbtained from the microwave discharge in

benzene vapour, with or without nickel present:-
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1 2 > l//ﬂ\‘\ ~. '
polymer Ceo i
‘y L i + H2

Y . |
02H2 + CH2—CH-C-C};3
!
}
e
> @ '
Csz + 02H2 v
©/ ha
. H .
qkﬁ’xc\\ internal

Q\,ﬁJ rearrangement

8
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10.6.

10.7.

Reaction Profiles of the Volatile Products
From Figs.38a and 38b the reaction profiles indicate .

acetylene was the end-product of a series reaction,

A =~ R = 5
see appéndix A, Thié is in agreement with the proposed

reaction mechanism for the production of acetylene from

benzene, i,e,,

The mechanism also suggests that the conversiop to
1,3-butadiene and naphthalene should pass through a
naximum, i.,e., they act as tracers for the disappearance
of the intermediate 04H4+. Again this is in agreement with

the experimental results, see Figs, 39a and 39,

Hydrogen Balance

A hydrogen balance ﬁetween the amount of benzeﬁe.
decomposed and the products formed proved to bé Aifficult.
This was mainly due to thé_difficulties of estimating the
carbon and polybenzene formation both of which produce
hydroéen. Estimates of the combined carbon and polymer
formation were made, gravimetrically., Difficulties arose
in that at a censtant benzene.flow, increasing the'pressufe

increased the carbon formation. Therefore exact estimates
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10.8,

10.8.1.

of the proportion of carbon to polymer were not possibla;

Free hydrogen was found in all cases, with or without
nickel wire in the discharge, see Fig. 44ab,

At high flow rates > 0.10 molos/min and low pressure
the carbon formation was negligibla though polybenzenes
ware still formed. Calculations based on the hydfoéen
demand of the identifiable pfoducts-such as naphthalene,
1,3~butadiene etc. allowed ostimates to be made of the
anocunt of polyhenzene formed; approximately constent at 0.5%.
This agreod waell with the gravimetric estimates.

From a knowledge of the hydrogen content of the
volatile products and the amount of fres hydrogen compared
with the hydrogen content of the decomposed benzene estimates
were made of the carbon and polybenzene yields over the |
flow range 0.01 to 0.03 moles/min at a constanxfpreSSure,

Maximm conversions of tha benzene input to cgrpon and

‘polymer of about 7% were found, see Fig.45a. These results

wore agaih in good pgreement with previous gravimetrie
estinates,

In the presence of nickel wire in the discharge, the
yields of carben and polymer were reduced, see Fig. 45b,
The conversions to carbon and polfmer were calculated from
the hydrogen balnncé bétween the benzene decomposed and. the

volatile products,

Benzene and Carbon Dioxide

Discussion of Results

8couting experiments with benzene and carbon dioxide

had showﬁ that if the mole ratio of carbon dioxide to
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10.8.2,

benzene was greater than 1,5:1, the decomposition of
benzene was negligible,

In discharges of carbon dioxide and benzene, 0.5:1
mole ratio the conversion of henzene to the low boiling
gaseous products weg reduced by sbhout one gquarter compared
with that from pure benzene, see Figs. 52 and 53, However the
conversion to the low beoiling hydrocarbons was dependent on
pressurae in contrast with the results obtainsd for purs
benzene and benzene wiph nickel. discharges,

The yields of diphenyl, naphthslene and phenylbutadiene
were also slightly reduvced compared with thosa from the
pure benzene system, see Figs, 55 and 84,

At a mole ratio of carbon dioxide to henzene of 1,2:1
the conversion to the low boilers was reduced further, The
conversion, as for the other mole ratios tried, was
dependent on pressurai increasing pressure reduced the
conversion to low boilers to negligible profortions. The

conversion to diphenyl, naphthalene, rhenylhbutadiene was

negligible, Carbon and polybenzene formation was also

neglipible,
A hydrogen balance could not he calculated as the
carbon dioxide interfered with the free hydrogen in the

G.L.C. analysis,

Interpretation of Results

At the various mole ratios of carbon dioxide to benzene
tried, the decomposition of the benzene was always less
than in a pure benzene discharge, see Figs. 54 and 57, The

reduction in decompositibdn was regarded as being far in
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cxcess of that to be expected from dilutien of the
benzene In the discharge, This indicated that in some
way the carbon dioxide was protecting the benzene molecules,

Analysis of the products of the discharges had not
shown the presenca of eny oxygen-containing-Sgsggggzz.
The dissociation of the carbon dioxide must therefore
be a2 minor process,

The first ionization potential of benzene is 9.6 eV
end that of carbon dioxide ia 13.8 eV. However carbon
dioxide has several broad bands of excitation levels
ranging over 6.5 = 12 eV, pesking at 10 eV, A.carbon
dioxide molecule could therefore deactivate excited bonzene
molecules without an ionizing event occurring. 1If the
carbon dioxide molecules were escting as an energy sink,
the decompositicn of henzene should decrease with
increasing dilution of the bonzene, Secondly, an increase
in collision frequency, by Increasing the pressurs,
should also decreasze the henzeneo decomposition. These
requirements were confirmed by the experimental results
obtained, see Pig.54. Therefore deactivation of the
benzene molecules by collision with carbon dioxide molecules
1s possibly the mechanism by which the benzene is preserved,

A likely alternative process is the scavenging of
alectron energy by the excitation of the carbon dioxide
molecule in the region 6.5 = 10 eV, This would effectively
prevent the bulld up of alectrons of sufficient energy to
ionize the benzene molecule. This scavenging process would
be even more effective as the pressure wa; increased, or if

tho mole ratio of carbon dicoxide to benzene was 1n¢reased.
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10,9,

10,9.1,

The exporimental results confirm the above hypothesis,
1,e. ths preassure depéndenca'of the benzena conversion to
the low boilers and a ¢ogrcase In the benzene dacomposition

as the pole ratio of cﬁrbcn dicxide to benzenec waz increased,

Benzona gnd Ammonia

Discussion of Nosults

In the microwave discharéa of mixtures of benzene and
ammonia, scouting experinents had shown evidence of the
forpation of a purple coloursd solid in the cold trap.
Further investigation was directed towards cbtaining the
naxzimun yileld of thic solid,

A benzene to ammconia mole ratlo of 1:2 was used, viz
scouting experiments. The conversion of benzene to this
solid was plotted against flow rate, The plot showed a
sharp maximum, sce ¥ig.,39.The conversion was dspendent on
pressure, A maximum conversion of about 5% of the benzene
passed was cobtained, Tha conversions of benzene to
acetylene and 1,3~butadienc werae low. A quantitative
eotimate of the acetylence yield was not possible owing
to interference of the nmonia in the G.L.C. analysis,
The conversion to 1,3-butadicne was £ 0,5% of the benzene
passed, . Yields of the high hollers such as diphenyl,
naphthalene etc, were negligible, -

- Expariments were also carried cut with dischargaes in
varying mole ratios of ammonia to benzene, At a constant
henzene flow rate, the conversion of benzena tb the s0lid
plotted against the mole ratio of ammonia to benzene

showed a flattened naximum at the Toko 8:1 respectively,
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10.9.2,

Elemental) analysis of solids obtained at different
nole ratios indicated thet a range of products was present,

The nitrogen content of the solid ranged from 9,5% to 26%

by weight depending on the mole ratio of ammonia to

benzene supplied to the reactor, see Table 13, Atlroonm
temperature the solid was a very dark orangs-brown colour,
All the aampiau were alightly soluble in benzene, completely
soluble in acetone and also-paftially soluble in water,

This indicated a degree of polarity in the molacule(s)..
The solids melted with decomposition at 180°C + 20°%C. A
molecular waight of about 250 was obtained by a vapour
pressure determination.

Spectroscopic analysis of the solid samples was
undertaken. Infra-red analysis showed.the normal aromatic
absorption and also absorption at ~- 1620 cm"'1 and ~ 3,300 cm~1
indicative of the presence of -NHZ’ Ultra~viclet
spactroscopy showed maximm ebsorption at ~ 300 mu
decreasing ateadily to - 360 op indicatiné a great deal of
conjugation, Some vibtational fine structure was apparent,
Abao;ption peaks at ~ 540 myu and ~ 570 mp were noted in the
vigible repgion, sea Pig, 63,

A mass spectrum of the solid showed a range of products

wag present and confirmed the presence of nitrogen in the

molecular structure, An azo linkage was also indicated,

Interprotation of Results ¢ Denzene and Armonia

The conversion of benzene to acetylene mnd 1,3~butadiene
wag estimated at less than 5% of benzene converted, over
the range of conditions used, at a mole ratio of smmonia
to benzane of 2:1, Yields of diphenyl, naphthalene etc,

were negligible, This indicated a similarity to the
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benzene and carbon dioxide system., However the
dissociation cnergy fdr ammonia to give -NH2 ra?icals
is only‘3_8 eV and to -NH radicals 8.0 eV, less than
that for ionization of benzene, It was concluded therefore
that the primary dissociation reactions occurring in the
discharge Weré those of ammonia alone, The radicals
'prodﬁced from the dissociation of ammonia then attacked
the benzene molecules, This would explain the absence l
of the usual products of'thé genzene discharge,

From the spectroscopic data ghd the molecular weight-
determination, it was proposed that the coloured solids
were derivatives of azcbenzene, The infra-red spectra

showed the presence of -NH, groups. Using the data from

2
the elemental analyses, the coloured solids were suggested

as being amino-substituted azobenzenes, with the number of

amino groups varying between two and six, e.g,

J
.NH2 . LHZ

o N |
U—N:N_& // to HN

The above compounds are similar to ﬁarious dyes
obtained by conventional chemical technidues. For instance
Aniline Yellow which is aminoazobenzené and Bismarck |
Brown G, which is a trisubstituted amino-azobenzene.

. Chrysoidine G, NH2

\\D_ N—N . ‘ NH,,

1
is an orange dye and is still in use today(-35).
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The previcus investigation of the microwave discharge
in pure ammonia indicated that the predominant radical

species was NH, see section
. s @
NI3 + energy — = (NHS) ————%;-NHz 4+ H

NI+ energy——;—(NHé)l—ﬂ,——Nﬁ + H

A combination of the two radicals,

LY - .

T \p
NH + Lﬂz - N2H3

would give the hydrazo radical, a possible precursor to the
azo=~linkage, However evidence for this reaction has not
been reported in the literature, Another poésibility is

. . . (117) . .
the combination of NH radicals to give 'a highly
excited species (N2H2)* capable of attacking the benzene
ring, A mechanism for the formation_of azo-benzene can

now be proposed,

. *
NH3 + energy __~f>-(NH3) ———= NH .

-2
o

+ .
NH + NH W H )Y — TN =N
‘ Cn H

S
<— -NGr\O “,.;‘/___ @‘N“‘—‘E +. 2n"

/Z:;KA s
%E_Jf?—N:;N_ﬂ% /ﬁ + 2H
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NHz-groups are indicated by the infra-red spectra

of the solids, These could conceivably arise from the

attack of NH2 radicals,

U'N—--—-N + NH,

W o

NH .

NH

Hn, 2
>

N

N—=N — + H

or more probably by the attack of NH radicals and subsequent

hydrogenation of the NH group,

It should be noted that the.solid was only found in
the cold trap.- This indicated the final reaction sequence

must have occurred in the cold trap. Some long-lived
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species, 1.,e, lifetime 0.1 sec, must therefore have been
present in the discharge product stream. The azo-substituted
benzene intermediate may possibly exiat for that length of
time, These spacies could then react with benzene in the cold

trap to give the azobenzene derivatives,

10, 10, General Observations : Benzene Studies

The mechanisms presented for the reactions of benzens in
the microwave discharge are in good agreement with the
exparimental.results. For inatance, in the discharge in
benzene with nickel present, the conversion of benzene to the
low boilers was reduced. The effect was postulated as being
due to the atabilisation of the benzene ion. Thus the
porcentapge distribution of the low bollers should not alter.

This is confirmed by the experimental results, see Fig, 47a,b,

10.10.1. Energy Yields

The enargy yleld of a product is the parameter most
widely quoted when considering the economics of a process.
Energy yields for the production of acetylene, diphenyl and
the azohenzene derivatives are shown in Figs, 48, 49 and 64,
In this case the energy yleld is calculated on the basis of a
%ilowatt-hour supplied to the microwave generator. The
officiency of a magnetron is about 50% and this is not likely
to be improved in the near futurs, 7%The sbsorption of thas
microwaves is only about 25% in the present syastem, This is
due mainly to the high minimm power output of the magnetron,
However the sbsorption may be inereased up to 80% under optimum
conditions of flow rate powsr input and pressure. Thus the
energy yields quoted may be quite easily trebled, The energy

vield of the derivatives of azobenzene would then be

commercially very attractive,

149



t
10.10.2. Concluaions

The experimental results from discharges in purs

benzena agree fairly well with the results of other

(83-848)

workers » in several rospects. Diphenyl ond

naphthalene were found and the conversion to these was

pressure dependent, Acetylene and allene were alsc

(83)

found; in apreement with Stille at al who used an

r. 2, discharge, However there {8 no precedent in the
literature for the formation end identification of

1,3-butadiena; a necessary precursor for the production

of naphthalene reported by several workers(£6+93),

(83,86,91) y 40 the reactions

Several investigations
of benzene in various types of discharges have reported
the presence of methyl subatituted molecules such as

toluene, methylécetylene, rethylnaphthalene ete,

(138) suggested that CH3+

dissociation of doubly charged benzens ions. He found

Jerminga could be formed from the

evidence for the process,

2+ +
CHly ——= CHy' + Cgh,

+

Methyl-substituted molecules were not found in the
present work., Therefore it was concluded that the
douhly=-charged benzena ion did not occur in the microwave
diacharge, under the experimental conditions used, This
would seem to indicate a difference in electron energy
distribution attained in the microwave discharge as opposed
to other forms of discharges,

The present author found that in the presence of
nickel wire the yield of diphenyl doubled. This indicated

the preservation of the phenyl radical. It suggests a
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degree of selectivity 1¢ obtailnable in the microwave
discharge. The benzene molecule was also protected by
the presence of carben dieoide in the discharpgs,

It is perhaps the nicrowave discharge in henzene
and armonia rixtures that aroused the most interest.

Tha possible formation of a single basic product
supgesied a galectivity waparallelsd in other discharge
work, . The production of the NH radical proposed as .
necessary for the formation of the product 1s indicative
of electrons of a higher moean energy than that found in
other discharges., HHowever the absence of doubly-charged
fons in the microwave sugzests that although the mean .
electron energy may bes higher, the distribution of
enargies 1is narrower thaq say a d,c. glow discharge,

It is concluded therefore that the microwave discharge
has a narrower and higher band of electron energies than
normally found in electric discharges, It is this narrow
distribution of electron. energies that enhances the

selectivity of reacticns in the microwave discharge,
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Table Ca Benzene Alone : the low Eoiiers

power input 0,78 Kw reactor proessure 10 - 20 mm Hg

.benzene reactor power % conversion % conversion % conversioﬁ
flow rate, pressurs sabsorption to to ' to
moles/min, m g Kw acatylene allene 1,3~butadiene
0,0055 15 0.23 47.50 2,30 9.60

© 0,01486 10 0.23 31.70 1.60 18:48
0.0198 12 0.24 17,50 2,90 29.48
0.0252 10 0.24 10,52 1,30 19.85
0.0288 12 0.24 14.70 100 24.80
0,0289 14 0.24 10,85 2.10 23,60
0.0328 11 0.22 6.44 1.10 12.48
00,0402 19 0.22 7.60 1.55 B.35
0,0499 12 0.22 4.90 0.9%0 3.20
0.0725 14 0.21 2.10 0.70 1.00
0.0880 15 - 0,20 1.80 0.50 0. 55

0,102 16 0.19 2.48 0.78 0.43

Key

In the Figures representing the conversions of benzene to the
discharge products, different symbols are used to denote a pressure
range from which the experimental points were obtained, i.e.

10 « 20 mm Hg
20 - 30 m Hg
30 f;50 mm Hg

unleas the pressure'range is stated on the figure,
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Table 6b RBenzena Alone

power input C,78 Kw

benzene
flow rate,
moles/nin,
0,0113
0,0271
Q.0418
0.0513

0.0753

0.0091
0,0129
0.0226

0,0793

reactor

49

33

40

power
pressure absorption
mn Mg Kw
25 0,24
27 0.24
23 0.25
23 0,23
25 0.23

reactor pressure 30 =~

0.25
0.23
0.25

0.24
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tha Low Beilers

% conversion % conversion

to . to
acetyleno allene
39,80 2.10
18,10 1,17
7.63 2.15
4.40 1.65
2,30 0.84
5 mm Hg
57.80 2.30
23,250 1,00
15,30 1,80
2,51 1.537

reactor prossure 20 - 30 mm Hz

% conversion
to

1,3~butadiene
11.40
21.80
7.98
7.20

0. 350

12,10
25.60
25,10

0,40



Table 7 Benzene Alone : the High Boilers

power input 0,78 Ew reactor preasure 10 - 20 mm Hg
benzene reactor power % conversion % conversion
flow rate, prassure, absorption to to
moles/nin, mm Hg Kw naphthalene diphenyl
0,044 = 12 0,25 0.4 2.04
00,0158 11 0.25 0.60 1,92
0.0178 11 0.25 0.79 2.45
0.0190 12 0.25 0.48 2,22
0.0378 12 0.21 0.68 2.28
0.0486 12 0,25 0.73 2,02
0.0572 13 0,22 0.98 1.93
0.0621 13 0.21 0.45 2,05
0.0658 | 12 0.20 0.38 1.95
0.0701 13 0.21 0.35 1.87

0.0230 13 0.20 0.04 1.25

reactor pressure 20 « 30 om Hg

0.0613 21 0.23 0.24 1.20
0.0832 21 0.22 0.15 1.18
0.0778 28 0.24 o 0.34
0.0879 20+ 0.20 0.24 0.77
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Teble 8 Benzcne and Nickel

power input 0,73 Kw

benzena
flow rate,
moles/min,
0.0149
0.0207
0.0313
0.0368
0.0552

0.0998

0.0257
0.0474
0.120

0.139

0,0127
0.0195
0.0372

0,189

25
28
24

25

reactor pressure 20 - 30 mm Hg

0. 25
0.24
0.22

0,22

reactor pressura 30 - 50 mm Hz

0.23%
0.28
0.24

0.23

reactor pressure 10 - 20 mm Hg

reector power
pressura sbsorption
mn Hg Kw
14 0.24
10 0.24
10 0.23
11 0.23
11 0.22
13 -0.21
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the Low Boilers

to

acetyleno

32,80
14,50

8.40

11.40
6,30
1.74

0.83

46.80
28,50
6.30

1.88

% conversion % convarsion

to

allene

2,80
2,55
1,80
1.00
1.30

0.67

1.82

1.15

3.60
2.80

2.00

% conversion

to
1,3«butadiens

18,90
18, 60
12.70
9,37
7.32

2,30

13.80

trace

trace

17.00
21.00
7.10

trace



Table 9 Benzene + Nickel y the High Boilers

power input 0.73 Kw reactor pressure 10 -~ 20 mm Hg
benzene reactor power - % conversion % conversion
flow rate, pressure, absorption to to
moles/min, mm Hg Kw naphthalene diphenyl
0, 0098 15 0.25 0.89 1.72
0.0148 15 0.23 1.23 3.30
0.0270 13 0.21 1,82 4.77
0.0398 18 0.22 1,81 3,73
0.0442 16 0.21 1,32 3,90
0.0337 15 0,22 _ 1,25 3.43
0.0592 18 0.22 0.83 2,93
0.0840 16 0. 20 0,78 3.03
0.0644 18 0.25 .98 2,62
0.0647 12 0.20 0.49 2.66
0.0654 17 0.24 0.53 2,68

0.0735 19 0.23 0.35 2,13

reactor pressure 20 - 30 mm Hg

0.0550 28 0.25 0.13 0.97
0.0622 22 0,22 0.23 1.87
0,0624 22 0.23 0.30 1.93

reactor pressure 30 -~ 50 mm Hg

0.0572 32 0.23 o 0,12

0,0667 35 0.23 0 0.28
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mole % conversion of benzene to acclylene

mole % conversion of benzene to acetylene
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Tigure38a Percentage Conversion of Benzene to Acetylene
Against Flow Rate : Benzene Alone
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Figpure 38b Percentage Conversilon of Benzene to Acetylene
Against Flow Rate : Benzene + Nickel
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mole % conversion of benzene 1o 1,3-butadiene

nole % conversion of bonzene {to 1,3-Lutadienc
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Figure 39y Percentage Conversion of Benzene to 1,3-butadiene
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Against Flow Rate : Benzene Alone
|
I
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benzene flow rate (moles/min)}
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Figure 39bPercentage Conversion of Benzene to 1,3-butadiene
Against Flow Rate : Benzene + Nickel
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mole % conversion of benwzene 1o allene

mole % conversion of benzene to allenc
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Figurc 40a Percentage Conversion of Benzene to Allene Against
Flow Rate : Benzene Alone '
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Pigure 40b Percentage Conversion of Benzene to Allene Against
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mole % conversion of beonzenc to diphenyl

mole % conversion of benzene te diphenyl

Figure 4laPercentage Conversion of Benzene to Diphenyl
Against Reactor Pressure : Benzene Alone .

constant volumetric flow rate 8 litres/min.

1 1 I

10 20 30

Reactor pressure {mm Hg)

Figure 41b Percentage Conversion of Benzene to Diphenyl
Against Reactor Pressure : Benzene + Nickel

constant volumetric flow rate 8 litres/min.

H ! I
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Reactor pressufe {mm Hg)
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mole % conversion of benzene Lo diphenyl

mole % conversion of benzene to diphenyl
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Pigure 42a Percentage Conversion of Benzene to Diphenyl
Against Flow Rate ; Benzene Alone
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Pigure 42b Percentage Conversion of Benzene to Diphenyl
Against Flow Rate : Benzene + Nickel
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mole % conversion of benzene te naphthalene

mole % conversion of benzene to naphthalcne

Benzene flow rate (moles/min)
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Figure 43a ﬁercentage Conversion of Benzene to Naphthalene
Against T'low Rate : Benzene Alone '
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Figure 43b Percentage Conversion of Benzene to Naphthalene
Against Tlow Rate : Benzene + Nickel
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mole % frec hydrogen of hydrogen content of

mole % free hydrogen of hydrogen content of

benzene passcd

benzene passed

[
Figure 44a Percentage Free'Hydrbgen of Hydrogen Content of
0 Benzene Passed Against Benzene Flow Rate :
Benzene Alcne
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5.
Q
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Figure 44b Percentage Free Hydrogen of Hydrogen Content of
Benzene Passed Against Benzene Flow Rate
Benzene and Nickel
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mole % conversion of benzene to carbon and polymer

mole % conversion of benzone to carbon and polymer

Figure 45a Percentage Conversicn of Benzene to Carbon and
Polymer Against Flow Rate : Benzene Alone

v

! 1 ] 1

S ——

10 -

0.02 0.04 . 0,06 0,08 0.
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Figure 45h Percentage Conversion of Benzene to Carbon and
Polymer Against Flow Rate : Benzene + Nickel
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total % decomposition of benzenc

total % decomposition of benzoene
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Figure 46a Total Percentage Decomposition of Benzene

O

Against Flow Rate : Benzene Alona

Figure 46bTotal Percentage Decomposition of Benzene
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1,3-butadiene

mole ratio of acetylenec

1,3-butadiene

mole ratio of acetylene
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Figure 47aMole Ratio of Acetylene : 1,3-butadiene Against
¥low Rate : Benzene Alone,

pressure range 10 - 25 mm Hg.
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Fipgure 47phMole Ratio of Acetylene : 1,3-butadiene Against Flow
Rate : Benzene and Nickel,

pressure range 10 - 25 mm Hg
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energy yvield of acetylene (g/Kwh)

energy yield of diphenyl (g/Kwh)
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Figure 48 Energy Yield of Acetylene Against Flow Rate

- henzene alone

- benZzene and nickel
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Figure 49 Energy Yield of Diphenyl Against Flow Rate
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Table 10 Benzene and Carbon Dioxidae, 2:1 ; the Low Boilers

power input 0.78 Kw

benzeno reactor power % conversion % conversion

flow rate, pressurs absorption to - , to

mqlea/min. ma Hg Ew , acetylene 1,3-hutadiena
0.0105 46 0.24 14.76 4,47
0.0131 61 " 0.25 | 9.12 6.40
0.0209 25 0,25 41,50 214
0.0202 20 0.24 22.90 . 4.13
0.0457 25 0.24 15,20 " 3.80

' 0,0533 a1 0.24 16,80 7.08
0.0578 26 0.24 7.63 . 4.20
0.0630 28 0.2 5.30 5,23

" 0.0952 a6 0.24 2.0 - 0.30
0.0979 33 0.24 - 4,38 4,82
0.101 39 0.23. 4,00 4,92
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Tab\le 11 Denzene and Carbon Dloxide, 231 : the High Boilers
power input Q.78 Kw

benzene reactor pdwer % conversion % conversion

flow rate, prassure absorption to ' to

moles/min, mm Hy Kw naphthalense diphenyl
6.6695 22 0 23 0,08 0,28
0.0184 18 0.22 0.23 0.72
0.0376¢ 18 0,23 0. 53 1.78
0. @66 19 0.24 0,55 1,94
0.0827 20 0,22 0.17 0.88

0.0737 22 0,22 0.12 0.43
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mole % conversion of benzens to aceiylenc

mole % conversion of benzcic to acetylene
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Pizures2a Percentace Conversion of Benzene to Acetylene

Against Plow Rate : Benzene and Carbon Dioxide,

pressure range 25 - 35 mm Hg
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Figure 52b Percentage Conversion of DBenzene to Acetylene
Against Reactor Pressure : Benzene and
Carbon Dioxide, 2:1

constant volumetric
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Mole % conversion of benzene to 1,3-butadicue

Total % decompdsition of benzene
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Ticure 53 Percentage Conversion of Benzene to 1,3-butadiene
Against ¥low Rate : Benzene and Carbon Dioxide, 2:1
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Figure 54 Total Percentage Decomposition of Benzenc Against |
Flow Rate : Benzene and Carbon Dioxide, 2:1
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A - pressure 25 - 35 mm Hg
’ [
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mole % conversion of benxzcne to diphenyl

mole % conversion of benzenc to naphthalene

Figure 35 Percentage Conversion of Benzene to Diphenyl Apgainst
Tlow Rate : Denzene and Carbon Dioxide, 2:1

pressure range

18 ~ 22 mm Hg

! ! ' I )
0 0.02 0.04 0,06 .08 .1
' Benzene flow rate (moles/min)
t
Figure 56 Percentage Conversion of Benzene to Naphthalene Against
Tlow Rate : Benzene and Carbon Dioxide, 2:1
]
1
! .
~ pressure range
18 - 22 mm Hg
]
! P t 1 ;-
0 10

0.0z 0.04 0,08 0.08 0.

Bengzene flow rate (moles/min)‘

176



total % decomposition of benzocnce

mole % conversion of benzmene to acetylene
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FPigure 57 Total Percentage Decomposition of the Benzene .
\rainst Flow Rate :; Benzene and Carbon Dioxide,l1:1,2

pressure range 28 - 38 mm Hg
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Figure 58 Percentage Conversion of Benzene to Acetylene,
Against TFlow Rate ; Beanzene and Carbon Dioxide,1:1.2
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Table 12' Benzene and Ammonia : the Low Rollers

" power input O, 78 Kw

benzens flow
rate moles/min,

0.0088
0.0108
0.0152
0.0283
0.0349
0,0488
0.0318
0,0525

0.0804

0.0235
6. 0508

0.0529

0.0349
0.0445

0,102

reactor pressure

mn Hg
15
15
14
15
15
iz
15
20

13

reactor pressure 10 = 20 rm Hg

pover % conversion
ahsorption Kw to 1,3-butadiene

0,22 trace
0.22 0.04
0.21 0.03
9,22 0.28
0,22 - 0,59
0.21 0.61
0.21 0,54
0.22 0.5}
0.20 0.15

reactor pressure 20 - 30 mm Hg

29
23

22

0.24 trace
0,82 0,34
.23 0.23

reactor pressure 30 - 50 mm Hg

35

31

31

T70

0.24 0.38
0.23 . 0.34
Q.22 0.15



benzene to derivs., of azobeoenze

conversion of

cf
1o

nole

mole % conversion of benzene to 1,3-Lutadicne

10

" Figzurc 58 Percentaze Conversion of Benzene to Derivatives of

Azobenzene Against IFlow Rate : Benzene andlAmmonia, 1:2

Benzence flow rate (moles/min)

179

0.02 0.04 0.06 - 0.08 0. 1
Benzene flow rate (moles/min)
4
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Against Flow Rate ; Benzene and Ammonia, 1:2
f i
]
: O Q ‘

'_fﬁgazéﬁ i ! L : L

c.02 0.C1 0.0% 0.038 0.10



mole % conversion of benzene to derivalives of

azobenzene

Figure 61 Percentage Conversion of Benzene to Derivatives of
Azobenzence as a Function of the Mole Ratio of

Ammonia to Benzene

1 1 H

1
4:1

8:1 12:1 o161

mole ratio of ammonia : benzene

Table 13 Percentage of Nitrogen in the Derivatives of Azobenzene

benzene flow rate 0,049 moles/min, pressure range 18 - 58 mm Hg,

power input 0.78 Kw,

mole ratio ammonia :' benzene

2:1

3.1:1

weight % nitrogen

9,50

15,338

18,42

19,44

22,76
23,64
24.24

27.39

The accuracy of the elemental analysis must be regarded with

some suspicion; the total percentage of the components C, H, N

always being less than 95%. Therefore an error of i 15% in the

values for the nitrogen percentages above may be present,
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Energy yicld of azobenzene derivatives (g/Kwh)

10

Tipure 64

LEnergy Yield of Azobenzene Derivatives Against
Flow.Rate
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SOME REACTIONS OF CYCLOHEXANE

IN THE MICROWAVE DISCHARGE



11,

11.1.

11,2.

Bome Reactions of Cyclohexane in the Microwave Discharge

Scouting experimenta had shown the cyclohexane discharge
to be influenced by the presenca of nickel znd admixturea of
carbon dioxide in a similar ﬁay t§ the benzene discharge,
see gsection 8.1.2, It was to investigate thias apparent
similarity of bréakdown in the discharge that experiments
were proposed for the following three syatems,

(1) discharges in cyclohexane alone,

(2) | discharges in cyclohexane in the presence of nickel,

{3) discharges in c¢yclohexane admixed with carbon dioxide,
Further evidence was also scught to confirm the influence

of nickel in the discharge in promoting selective reactions.‘

Experimental Details : Cyclohexane Studies

The discharge flow system and analytical procedures
wera similar to those used in thae benzene investigation,
seo gsection 1:0.1. The cyclohexane was of Analar quality
from Fisons Chemicals Limited. The carbon dioxide was
obtained from Distillers Co, Limited and used without further
purification. |

In all the experiments conducted on the three syatems
nentioned above the cyclohexana.xlow rates varied betwoen
0.007 and 0.18 moles/min., corrected to N.T.P.; the preasures
ranged from 10 - 30 mm Hg. The experiments followed those
conducted in the benzene discharge. Yor exﬁmple. in discharges
of mixtures of cyclohexans and carhbon dioxide the mole ratios

used were 2:1 and 1:1.23

Experimental Results

The cenditions for G.L.C. analysis of the volsatile

products were the same as for the henzene investigation.
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The volatile products from the discharge wére'iﬁentifigd
by G.L.C, retention time analeié. The range of gaseous f“.
products was greater than that_fouhd.in the benzena dischﬁige.
This was mainly because of the.greater amount of avéilﬁblé:

. hydrogen in the discﬁarge. In the cyclohexanae diseha:;ge."_wi'th
or without niékel,the major products were propylene and .
butene=1, Hy&rogen'. ethane, ethylene, propane and butane
we?e detected as minor products;\i;e.%i IO%IcOnveréion of -
the cyclohexene input, Traces of allene and rossibly
dicylohexyl were indicated,

The major product of thé discharges in cyclohexane and
carbon dioxide mixturaslyasﬁ found to be ecetylene, Propyiene
anﬁ‘butene—l were present as minor products., A quantifatiyé
‘estimation of the free hydrogen was not p&ssible due to |
interference of the carbon dioxide in the G.L.C. analysis.

| The maximum error in the analysis of sach low boiling
comnponent was f_io% except for eth&lene‘and ethane which were
subject to an error of + 20%. Thé'incraased error for the
ca'hydrocarbons aross from an incomplete separation of the_'.
component peaks from the taiIAof fhe frea hydrogen peak in the
G.L.C. analysis. Also the on~line G,L.C. analysis only
allqwed the estimation of total cs hydrocarbons, i.e, propane,
propylene and allens, and total C, hydrocarbens, i.e. butane,
butene~l and 1,3~butadiene, However analysis of the condensed
products showed propylens and bu#enéél to be the major
conponents of the CS end c4:hydrocarbons respeatively,

.The cyclohexane flow rates were estimated a&s being

accurate to within + 5%. The reactor pressure was measured

on a mercury menometer to within + 2%. The microwave power
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11.3.

11,3,1.

monitors worked to an overall accuracy of + 15% but with a

reproducibility of greater than 95%,

Discussion of Results

Cyclohexana Alone

The plot of the percentage conversion of the cyclohexane
input to the c2 hydrocarbons, 1.e. ethylene and ethane,
against flow rate is a shallow curve, see Fig,66a ; the
conversion decreasing with flow rate, It should be noted
however that the yield of cz hydrocarbons increased with flow
rate, ses Fig. 66a. The conversion of the cyclohexane to
ethylene and ethane was pressure dependent over the range
investigated, 10 - 50 mm Hg., Senmi-quantitative estimations
indicated & fairly constant ratioc of ethylene to athane of
2:1, The highest converaionlto C,, hydrocarbons was found
to be leas than 10% of the cyclohexane input, under the
experimental conditions used, In several cases traces of
acotylena were found at very low cyclchexane flow rates,
40,008 moles/min, |

The plot of conversion to 03 hydrocarbona of the
cyclohexane passed against flow rate showed a sharp maximum
reminiscent of the profiles chtained for 1,3-butadiene
production in the henzene discharge, see Fig, 67a. A maximum
conversion to C, hydrocarbons, mostly propylene, of about
18% was noted, Increasing the reactor pressure markedly
dacreased the conversion to Ca hydrocarbons.

Fig, 68a showa the conversion of cyclohexane to 04'
hydrocarbons, mostly buiene-l. decreased markedly with

increasing flow at a constant pressure. The yield of the

_04 hydrocarbons also decreased drastically with increasing
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11.3.2,

prassure, . An interesting feature of the results was that  ‘
the yield of the 04 hydrocarbons was alwaya greatqr_than th$'
yvield of Cz hydrocarbons., This suggested a secondary

4
cz intermediates,

production of C, hydrocarbons from the reactions of some

Traces of a compound, possibly dicydlohexyl wore found,
<0.1% conversion of tha cyclohexane input. Alkyl-substituted
_cyciohexanes ware niot found.. S5light deposits of an awber
coloured solid were formed on the walls of the reactor tube
under all- the experimental conditions used, Elemental '
analysis of_tﬁa s01id showed a earbon to hydrogen ratio of
1:1, i,e, unsaturated, Carbon formation was always slight
though incre‘asing-with presaure, The conversion of
cyclohexane té carbon and polymer was < 2% of the cyolohexape

input,

erciohaxane with N:lckel Present

In the pr:asencé oz nickel the conversion fo dz
'hydrocﬁrbons ivasr greater by up to one half. at iaw flow rﬁtes
0, 02 to 0.04 molas/min, compared with the discharge in
cyclohexane alona, sse F'ig, 66h, Semi-quantitativa astimates
of the yialds of ethylena and ethana 1nd1cated a ratio of
2:1. Aa the ﬂow rate was mcreased the cmversion to Cz
hydrncarbons approximated to that ohtained in ths discharge
in cyclohexana alona The ccnversion was 1ndependent ot ”
pressure ovar**a fa:lrly wide range, 10. = 40 m Hg, |

The percentage convarsion of cyclohexane to C'
hydroearbons was increased by up to one halr at 1ow flow
rates 0.02 to 0.05 moles/min, of that from cyclchexane |

alone, see Fig, 67b. A meximum conversion to C, hydrocarbons
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of 28% wes found, The conversion ¢f the cyclohexane was also
independent of pressure over the pressure range 10 - 40 mm IIg.

At low flow rates, the conversion to C, hydrocarbons

4
was noticeahly reduced compared wifh the discharges in
cyclehexane alone, see Fig,.68b, . As before, the yleld of
04 hyd#ocarboﬁs decregsed rapldly with increasing prossure,.
see Fig,.68b,

Traces of a compound, prolably dicyclohsxyl, wers found;

< 0.1% conversion of the cyclchexans inpat. Alkyl-substituted
cyclohsxanes were not detected., Carben end polymesr formation
Qas slipght; < 1% conversion of tho cyclohexano input. Acstylene
was not detectsd though this could be attridbuted to a higher
minimum flow rate than that at which acetyleno was detected in
the discharge in cycloﬁexana alone,

It should be noted that as the cyclohexane flow rate was

4
to those from discharges in eyclohszane alone.

increased the yields to 02, ca end C, hydrocarbons approximated

11.4, Hydrogen Balance

The on=-line G.L.C. gis analysis separated 02. c3 and 04
hydrocarbens, Unfortunately separation of the individual
compenents such as propylens and propane in the péreﬁt Cy
pealk was not possible with the on~line gas sampling
technique,, Aﬁalysis of the cecndensed products had shown
propylene and butens=~l to he the major products but exact
ratios of the majoxr to minor products such as propane and
butane were not hossible. The uncertainty aa to the ratios

_of ethylene : ethane, propylene : propane and butene-l :

butane, under all the experimental conditions used, meant

that an accurate hydrogen balance was not possible, This
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11.5.

i1.8.

11.6.1,

difficulty in calculating a hydrogen balance applied to both
the discharpges in cyclohexane alone and those in cycloﬁéxane
with nickel present,

A hydrogen balance on the discharge products from
mixtures of cyclohexane and carbon dioxide was not possible
owing to interference of the carbon dioxide in the G.L.C.

analysis,

Yisual Observations

Carbon and polymer formation in arll cases, with or
without nickel, was slight;'eqyivalent to less than 2% of
the cyclohexane input. Increasing the cyclohexane flow rate
decreased the carbon formation., With nickel present the |
carbon tended to form on the nickel surface (cf; ﬁenzene
discharge).

In'discharges of mixtures of cyclohexane and carbon
dioxide the carbon and polymer formation was negligible,

under the experimental conditions investigated.

Interpretation of Results : Cyclohoxane Studies

Mass Spectrometry and Radiolysis Déta from the Literature
(137)

Abramson and Futrell have investigated, by mass
spectrometry, the variocus ion-molecule reactions of fragment
ions produced from cyclohe#ane. The only secondary specles

detected were C.H. .+, CH. ¥ and a small emount of C H *.

611 6 10 49
No ions longer than C6 were found, They also found that
the frapment ions c4H'8+ and 03H6+ from cyclohexane reagted

in a similar way to the butene~l and propylena parent ions,
respectively, All fragment iona reacted via the hydride -

traﬁsrer reaction,,
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+ +
R* + CgH, — = RH + Cgli, (D)

and C ', c

JHy 4H§? also abstracted H. ™ to give C_H

¥
2 610

Abramson and Futr011(137) detected an extremely reactive

spacies, c H.*. The results indicated the major reaction
2747 _ S _

pathway :or 62H4? icns from cyclohexane was charge exchange,

+ e
Clly” + Cgthy — ca"lz'l + Coly
The caﬂe fon was also shown to'undergo this charge exchange

reaction.

Dissociation reactions of metastable species such as,

w TLl® + '
icenxz) — Gyt + Gy

L——————*—f;' et + o’

s9 3

have been recorded(laa). Howevey these reactions were

quenched with inc¢reasing pressure and the following competing

reaction was thought more likely to ocecur,

&ce 12Y+ c H '_‘;'cs"m‘) (c H% (2)

Evidence has been reported of the 02H4

other specles from the fragmentation of cyclohexane to give
(139)

+'rt’un:z*lzing with

larger iona
Radiolysis experiments on liquid cyclohexane have resulted
in the iormatian of free hydrogen, cyclohexene and bicyclohexyl

(140'142). Mixtures of cyclohexane and cyclohexene have also

been subjected to radiolysis(l43).

It was. found the presence
of cyclohexene greatly inereased tha ﬁumber of alkyl-
substituted cyclohexanes whilst decreasing the yleld of short
chain 01 - 04 producta, Comparable gas-phase radiolysis |

experiments gave # much wider range of products, mainly C1 - 04

hydrocarbons, with only slight amounts of cyclohexene and
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polycyclohexylg(144{145).

* Experiments on the photolysis of cyclohexasne at 1236 A

(146) showed that an incresse in the photon

#pd 1048-67 A,
energy resulfed 1n.ah increase in the raiative 1hportance'og
;f process producing H atoms or elkyl, radical#,‘ﬁﬁilé the
ylelds of prddﬁcts'dttriﬁuted to "molecular absffactiﬁh"
processes, such as tﬁe formation of molecular hydrogen,
diminished,

From tﬁé various 1n§est1gations reported in the
literature several general trends of the possible fragmentation
of cyclohexane are 1nd1§atad.. For 1nstancel1n the gas ph#se,
ylelds of cyclohax;he, dieyelohexyls are small, The higher
the' energy input the greater the trend away from hydrogen
abstraction reactions. Bearing in ﬁind these genersl points
the following list of ‘reactions, postulated from mass

spectrometry work, indicates the like;y dissociation

reactions of cyclohexane in-the present work:-

Calyy —> Cglty,t + 2o (3)
cH, —— cmt + o’ (4)
612 . Cgily 3
L
' 2 +

— cH, ot | (6)

. . = '+ ?(C'L"’\m\ R

—f——f> 02H5 + 20H2 + ¥ ] (7)

+

Clly," + e —=ct, 4+ cHy | (8)

and the hydrogen abstraction reactions discussed previously,

11.6.2, Interpretation of the Microwave Discharge Results

In the preszent work the major products qt the discherge
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in cyclohsxene alona were propylene and butene+l, Minor
products such ks ethylene, ethane, propena, butane and
.h;drogen were alse found., Traces of acetylene, 1,3~butadiene
and possibly allené and dicyclohexyl were indicated, The

reaction (4),

+ o +
Coyet —> oty + it

results in the direct formation of butene=-1 from the saries

reaction,
eyclohexane — - cyclohexane ion — - butene=1

as indicated by the reaction profile obtained from
experimental data, see Fig. 68, Reaction (6) is more likely

b

'than reaction (5),

cs“m ——> Cyigt + CJH,
as tha charge usuallylramains on the smaller fragment, The
relatively small yield of ethylene found from experiments
toendato confirm that reaction (5) i3 a minor process,

The yield of butene-l was always in great excess of the
C2 hydrocarbons under the experimental conditions investigated,
Thoreféra roaction (6) cammot bae the only source of C4

species, Reactions between C, fragments to give a C

2 4
hydrocarbon are unlikely becausa of the low concentration of
excited 02 tragments in the discharge, The more likely
alférnative is the attack of the 02{4- frapment on
cyclohexane tb give a CB intermediate which then hrosks

down to give two molocules of butcno=l
+
Cplly” + Cglhyy —— &ca 161

c 4“8 c 4“8

@
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Thié reaction 18 possihle hecguse of the very active
nature of the 02H4f tragment, Howaver no a@aiogue'of this
repsction 18 indicated in réported invastigations of the
rediolysis or mass spectra of cyclochexane,

Thg"czﬁ4? species could conceivably undergo the hydrogen
sbstraction reaction fcund in the radiolysis of cyclohexane,

Oy + Cgty, —> et o+ g Qo)

o ' .
g < Cily  + G,

c,H
However the impprtanbe of these hfdrogen abstraction
reactions has been found to diminish with increasing
pressure, 1.9.' 5 rm Hg., Therefors in tﬁe present work
the attéck of 6234t on the cycloheiane”indicatgd in reaction

(7)115 more likely to occur,

Evidenco has been reported in the literature of the

reaction
+ _
caﬂlz- + a . > CSHG + 0386

_ which results in the tormaficn of two molecules of propylemne,
The reaction profile ohtained from the exparimental results
suggeats that the propylene ig derived from an‘intermediata

of a gserles reaction, see section 10,6, Therelore the
production of propylene should traca the disappearence of

the intermediate Cenlzf. ‘With further experimental data
reactioﬂ constants could possibly be obtained for the

4+
reactions involving 06H12 .

Traces of acetylene found at very low flow rates in

discharges of cyclohexane alone may be formed by reaction (1),

+ + .
Cgllypt — = C i + 26,1, + R

2 2
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though the energy demand for this reaction is high.
Another possibility is the progressive dehydrogenation of
cyclohexane to give benzene which then dissociates to give

acetylecne, see section 10,3.1,

;L ~ % { fﬁ { = / *
~_ ) = =
(11)

The mass spectra of samples of the condensed discharge
products of cyclohexane showed traces of benzene weré\ |
present, see Fig, 65. Hence reaction (11) is probably
the mechanism for the production of acetylenef

The yields of the 02’ C3 and C4 hydrocarbons decreased
markedly with increasing pressure, As the total conversion
of cyclohexane is‘reduced this indicates the production of
the CGle? species must have been curtailed, The increased
collisional degctivation at higher pressures has therefore
reduced the ioni%ation pf the cyclohexane, The reduction
of the ecyclohexane decomposition with increasing flow rate
can be attributed to the lower residenée time of the gas
molecules in the discharge zone,

The possible formation of dicyclohexyl in the discharge

is probably by a free radical mechanism similar to the

production of diphenyl from benzene, seé section 10,8.2,

i

+H2

(12)

A reaction scheme can thus be built up to indicate the
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possibly mechanisms by which the products of the discharges

in cyclohexane are formed;-

(\. - ) . )
polymer <_\.__/_ ‘(\)_O " H2

AN

' H°

t e
C Hg + CH, = CH,
\\/
6 T Call v .
e
€% * S0 > Cefio
|
c X T4+ cuH
46 “o4
R\
+ 'e
c it i, N
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The formation of cyclohexene and benzene postulated in
the reaction scheme could not hegunfortunately. datermined
"'quantitétively because of interference of the cyclohexane in -
the G.L.C. analysis,

In the presence of nickel in the cyclohexane discharpe
the yields of the c3 hydrocarbons and of the 02 hydrocarbons
wore incressed at low flow rates, see Fig, 66,67.The yield of
C

4
decomposition of the cyclohexane was gboutf the same as for

hydrocarbons was decreased., However the ¢verall percentage

the discharges in cyclohexane alone. This suggests the nickel
selectivaly promoted such reactions as,

+
Cellip” —2 Cylly + Cjlly &)

The incroase in the c2 yield with a consequent decrease

in the 04 hydrocarbon yield sugpests either:

(a) the promotion of the reaction (5)

+ +
Cellygr —> C " + Gl

rathor than reaction (6) which leads to the 02H4f species.

This would explain the increase in the conversion to 02

hydrocarbons consequent with a decrease in the 34

hydrocarbon yield as reaction (9) would be prevented.
This would also explain why reaction (8) is only promoted
at low flow rates. At high flow rates less °3“12? apoecles
would reach the nickel surface and thus the effect of
catalysing reaction (8) would be greatly decreased,
or
BHIGT intermedinte of
reaction (9) which then proceeds via the hydrogen

{b) tha deactivation of the excited C

abstraction reaction of reaction (10)
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- )@
CHly* + Cgllyp — (csﬂxz \\

JM {10)
+ *

Cy + Cglhyy < Collya’

Tbe decréaae in yisld of the c4 hydrqcarbona ocours
only at low flow rates. This seems to indicate that the
nickel acts via (b). As the flow rate was increased, the
(? H 17X* could not diffuse to the niqkel surface before

812
fragmentation via reaction (9) occurred.

11.7. Cyeclohexane and Carborni Dioxide

11.7.1, Discussion of Results : Cyclohexane to Carbon Dioxida 2:1

At a mole ratio of cyclohexane to carbon dioxide of 2:1

the conversion to both C, and 04 hydrocarbons was approximately

3
constant over a wide range of flow rates, at a constant
pressure, The yields of c3 and 04 hydrocarbons decreased with
increasing pressura, The maximum converaion to Cs hydrocarbons
was about 5% and to C, hydrocarbons about 7% at pressures
between 20 -~ 30 mm Hz, and flow rates of 0.01 to 0.12 moles/min,
These are widely differing values to those obtalned in the
cyclohexana discharge, with or without nickel,

Accurate estimates of the conversion to ethylené and
athane pnd also free hydrogen were not possible owing to
interference of the carbon dioxide in the G;L.C. analysis,
Semi-quantitatively the yields of ethylene and ethane appeared
low, £ 2% conversion of the cyclohexane input. A feature of
great interest was the high conversion to acetylene at low
flow rates 0.0} to 0.04 moles/min. of up to 50% of the

cyclohexane input, The cenversion to acetylene was slso

pressurse indepondent. It should bs noted however that the
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11,7.2,

11.8,

overall parcentage decomposition was still much less than
for the discharge in cyclohexane alone,
Polymer and carbon formation was negligible, Oxygen~

containing products were not detected,

Cyclohexane and Carbon Dioxide : 1:1 and Carbon Dioxide in FExcess

At mole ratios cyclohexene to carbon dioxide of 1l:1 and
with carbon dioxide in excess the ovaerall percentage
decomposition of cyclohexane was £ 10% undar all the experimental
conditions investigated, Only traces of acetylene were found
ﬁt very low flow rates, The conversion to other c2 hydrocarbons
was less than 1% aend to the Cy hydrocarbons less than 4% The
conversion to 03 hydrocarbons was approximately the sams as
Tound when the cyclohexane was in excess,

Polymeyr and carbon fcrmatién was negligible, Oxygen~

containing products were not detected,

Interpretation of Results

At a mole ratio of cyclohexans to carbon‘dioxida ot
0,.5:1 the drastic chahge in tha product distribution and the
overall reduction in pfoduct yields.indicatéd that the carbon
dioxide was 1nter£erihg in the dias&ciation of the cyclohexane
ion, The drasiic reduction in the formation of ﬁhe‘usual
products, mainly propylene and bhutene-~l, suggestﬁ that the
carhon dioxidé‘prevenied‘the ionization of fhé cyclohexane,
This is reminiscent of the effect of carbon‘dioxida in the
beniene discharge, see section 10.8.2, 'The ionization
potantiel of cyclohe#ana ia ~ 10,30 oV, less than that of the
excited levelé found-in cﬁrbon dioxide, It is postulated

therefore that the carbon dioxide, either deactivated the

axcited molecules by collision or, by a scavenglng process,
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removed the high.cnergy electrons necessary for the ionization
of cyclohexane, With increasing pressure the effect of the
carbon dioxide would be even greater and the decomposition of
‘the cyclohexane by ionization process should decrease, This
is confirmed by the c¢xperimental results,

If the ionization of the cyclohexane was blocked, the
production oif acetylene ﬁust have proceeded via another
mechanism, A reaction mechanism has already been postulated,
see section 11.6.2, the acetylene being produced from the
dissociation of benzene molecules deriyed from the

dehydrogenation of excited cyclohexane ﬁolecules.
J

—F = 3c.H

Acetylene was only found at low pressures < 30 mﬁ Hg,

At higher pressures the successive dehydrogenation of a
cyclohexane molecule would be unlikely in view of the greater
collision frequency,

At higher molé ratios of carbon dioxide td_cyclohexane
the overall decomposition of the cyclohexane was reduced |
further and was_dependent on pressure, This can be explained
by the higher concentration of carbon dioxide in the discharge
amplifying the deactivating and/or electron-scavenging processes
discussed above. Acet&lene was not detected but this may bhe
due to the higher recactor pressures,:? 40 mm Hgz, epforced on
the flow system by the higher mole ratios of carbon dioxide

to benzene.
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“The convergion to c3 hydrocarbons was favoured as
evidonced by tho experimental data, ‘This indicates the

enorgetics of the reaction to C_ hydrocarbons must be more

3

favourable than a 02 H 04 fregmentation) the twisting
vibration of the chair and boat forns of cyglohexaﬁe may
lower the mctivation energy required for the 03 H Cé .

fregmentation. Carbon end polymer formation was negligible,

11,9, Coﬁclusions ¢ Cyclohexane Studies
o The cyclohexane étﬁdieﬁ thougﬁ not particularly

interesting from a commoerecial viewpoint have contirmed that
the presence of hickel in the discharge zone improves the
selectivity of certain reactions., The decomposition of the
cyclohexane could bg varied by varying flow rate or ?ressurn.
Carbon dioxide hlocked the iomization of tha cyelohaxane and
this led to the production of the new product, i.o. scetylene

indicating a possible new technique in discharge chemistry.
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EXPERIMENTAL DATA :

CYCLOHEXANE STUDIES



Table 1l4a Cyclohexane Alone ¢ the Low Boilers

power input 0.78 Kw reactor pressure 10 - zo_mm'Hg;
cyclohexane reactor power % conversion % conversion % conversion
Ilow rate, pressure absorption to Cq to Cq to Cy
moles/min, nm HEg Kw hydrocarbons hydrocarbons hydrocarbons
0.0115 10 0.23 8.45 12.50 52.20
0.0169 19 0.23 7.99 13,80 39,50
0.0198 15 0.23 7,30 17.24 38,20
0.0260 19 0.23 6.92 17.28 30,96
0.0335 16 0.23 5.82 14.5 23,48
0,0446 13 0.24 5.41 9,30 15,28
0.0518 16 0.24 3.89 9.78 13.40
0.0567 15 0.23 4:61 7.32 13,98
0.0583 15 0.23 . 3.94. 8.20 12,54
0.0647 17 0.23 4.20 6.50 11.08
0.0648 12 0.22 3.4 6.39 11,94
0.0723 18 0.22 3.45 6.94 10,04

0. 108 19 0.22 1.05 5.44 7.92



Table 14h Cyclohexane Alone : the Low Bollers

reactor pressure 20 - 30 mm Hg

cyélbhexane reactor powey % conversion % conversion % conversion
flow rate, pressure absorptien to C,y to Cy to Cy

mqle;/min. m Hg Rw hydrocarbons hydrocarbons hydrocarbons
- 0,0232 27 0.23 6.21  13.97 20.16
. 9.0309 _ 21 0.23 ‘ 5,17 11.41 17,40
0,0378 26 0.23 4,63 . 9,88 11.23
. 0,048% 21 0.23 -+ 3.73 : 8.70 5.62
0.0571 24 0,23 - 2.58 6.33 4,15

0.0975 23 0.22 2.52 4.50 - 2.98

reactor pressura 30 -~ 50 mm Hg

0.0136 54 0.23 4.41 6.05 18,85
0.0278 36 0.24 3.05 8.10 10, 54
0.0325 32 0.23 2.53 7.35 8.65
0.0508 37 0.23 2.00 3,95 5.10
0.0718 a1 0.23 1.95 3,13 3.25
0.0873 42 0.23 1.89 2.05 2,78
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Tabla 15a Cyclohexane and Nickel fhe low Boilers

power input 0,78 Kw reactor pressure 10 - 20 mm Hg
cyclohexane feacto& power % conversioﬁ‘ % coﬁQérsion % conversioﬁ
flow rate, pressure absorption to Cqy to Cq - - to C4g
moles/min, mm Hg Kw hydrocarbons hydrocarbons hydrocarhons
" 0.0142 16 0.24 17.59 16.92 41,22
0,0155 19 0.24 14,93 23.40 17.27
0.0238 17 0.24 13.93 27.54 2171
0.0249 17 0.24 13,69 - 25,12 18.78
0.0310 19 0.24 11,35 25.40 17.27
0.0336 17 0.23 11,17 . 26.32 13.790
0.0368 17 0.24 9,69 22,12 15.08
0,0478 15 0.24 9.95 15.8 9.85
0.0395 17 C 0,23 6. 54 13.2 9,54
0.0836 19 0.23 4.27 | 8.95 8.23
e
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Table 15b Cyclohexane and Nickel 3 the Low Boilers

power input 0,78 Kw reactor pressure 20 - 30 mm‘Hg S
"eyclohexane reactor power % conversion % conversion % conversion
flow rate, ©pressure absorption to Co to C3 to C
moles/min, mm Hg Kw hydrocarbons hydrocarbons hydrocarbons
0.0210 23 0.23 14,58 25,32 13,56
10,0432 25 0.24 8.48 16.02 8.25
0.0643 28 0.23 5.75 9.95 4,53
0.0730 24 0.23 4,70 9.42 4.20
0.0990 24 0.24 3.54 .09 3,54

reactor pressure 30 ~ 50 mm Hg

0.0156 35 0.24 18,95 22,15 9,97
0.0315 42 0.24 10,80 21,83 5.63
10,0440 44 0.24 8.75 15,08 3.53
0.03513 32 0.24 7.20 14.46 3.00

0.0630 33 0.24 5,84 9.85 2.85
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Table 16 Cj*clohe:éane and Carbon Dioxide : the Low Boilers

power input 0.78 Kw : mole ratio 2:1
cyclohexane reactor power % conversion % conversion % conversion:
flow rate,. pressura absorption to to Cq to Gy
moles/min, m Hg Kw acatylens - hydrocarbons hydrocarbons

0.0128 24 0,22 57.924 0 0

0.0209 26 0.22 33.2 3.38 2.94
0.0270 25 0.23 22,7 3.76 3.54
0.0338 26 0.22 21,57 3.80 3.64
0.0408 25 0.24 11.23 3.54 3.86
6.0478 27 | 0.23 5.41 ; 3.93 4,01
0.0711 29 0,22 2.08 3.08 4,83
0.109 32 0.21 1.54 4.75 5,84
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GENERAL CONCLUSIONS



12, Comparison of the Benzene and Cyclohexane Discharges

The first ionization potentials of benzene and cyclohexane
are 9.3 eV and 10,3 oV respectively. The degree of
decomposition of the two compounds, by ionization processes,
in the discharge would thus be expected to be similar. This
i3 essentially borne out by the.experimentnl results,

In both systems c2 and 04 hydrocarbons were found in
good vield. The major diffeorence was the high conversion of
cyclohexans to 03 hydrocarbons compared with that of benzene

- which gave maihly acetylone and 1,3~butadiene, This is
probaebly duea to the lower energy needed to disrupt the
appropriate bonds in the chair and boat configuration of
cyclohexane,

The offoct of nickel in the bhenzene and cyclohexane
discharges was similar in that the overall decomposition was
not reducoed but the distribution of products was changed.

The presanée of carbon dioxide in the cyclohexane
discharge resulted in less decomposition than in the
carresponding benzene discharge. Thia is consistent with
the views postulated on the protecting influence of the
carbon dioxide, see section 10.8.2. and was ;xpected with the
higher ionization potential of cyclohexane,

A consequence of the comparative stability of the phenyl
radical was the production ¢f diphenyl and polybenzenes in
fairly good yield, Only traces of dicyclohexyl were found,
possibly suggesting the cyclohexyl radical ia less stable

than the phenyl radical,

12,1, General Conclusion

The investigation of the microwave discharge in ammonia
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12,2,

indicated that the microwaves induced higher levels of
excitation in the gas molecules than the correspondiﬁg d.c,
discharge. TFurthsr evidence of an apparently different
distribution of electron energies in the microwave discharge
was provided by the benzene discharge, The absence of
doubly~-charged benzene ions, indicated hy the sbaence of
mathyl groups in the products, supgested a narrower
distribution of energies than that normally found in s d.ec,
discharge.

The presence of nickel in the microwave discharge has
besen shown to be effective in promoting selective reactions,
Excess carbon dioxide was elfactive in protecting the ring
structures ¢of benzens and cyclohexane,

Discharges in nixtures of ammonia and henzene produced
an unparalled selectivity in rgaction to give amino-substituted

azobenzenes., This 1a a potentially important economice process,

Proposals for Further Work

The influence of reactor design should be investigated
fully with the view to:
(a) improving the selectivity of the reactions, e.g. a bias

towards aither the production of R or 8 in the series

reaction, A > R > 8,

{(b) improving the utilisation of the available microwave
power., This may involve a change in the resonant
cavity or the power inputs to the cavity,
The above studies should be applied fully to the reactions
in benzene vapour, Particularly the discharges in benzene

and ammonia to improve the yield of the amino-substituted
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arohenzena, The effact of nickel in the dischargea of

mixtures of benzene and ammonia should also he invastigated,
The pulsing of the microwave powoer could prove to he

very important in increasing yields and should be investigated

fully. - If possibly a spoctroscopic examinetion of the

microwave discharges in tha vapour under investigation

should be undertaken., This would prove valuable in clarifying

tha reaction mechanisms and also give direct evidence of the

radicals and ions involved in the chemical reastions,.
Investigations into the possible production ot‘phenol

or benzaldehyde from discharges in bhenzene and ateem or

benzene and carbon manoxide respectively are proposed,
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Appendix A

Resction Profiles : Complex Reactions

Constder the general firat-order reactions

A R = 8

/R
~—

For parallel reactions as soon &8 any reactant is converted, both

A

R and 8 can form in principle; the selectivity depending on the
individual rate conatants of the reactions involved, Examples are
shown in Pig, 75,

In consecutive reactténs, R is formed first and is subsequently
converted to 8. Initially the selectivity of R is unity where the
solectivity is defined as the ratic hetween the amount of a product
and the amount of reactent converted. However in principle the
selectivity of the reaction to R decreases to zero as the reaction
proceeds, Therefore the conversion.of A —— R will pass through
s maximum, see Fig. 76.

It can be seen therefore that the shape ohtained by plotting
concentration-time or concentration-conversion curves for a reaction
sequenca can indicate the reaction pﬁth. If sufficient data is
available, the rate constants of individual reactions can he obtained,
However it should be noted that tha'reaction profile ia influenced
by the reactor type,

Tha yield of R is always greater in the plug flow,reactor than
in thae backmix reactor, Hence if R 13 the desired product, and the

raw material cost 18 low, the plug flow or batch reactor is favoured,
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Appendix B

Temperature Profiles of the Henzene and Cyclohexane Discharges

A Ni-Cr/Al1-Ni thermocouple connected to a bridge circuit was
used for the temperature measurement. ‘The thermocouple was moved
through the discharge zone and thus a temperature gradient with
distance was obtained,

It should be noted that the thermécouple was open to bombgrdment
by excited species and recombination of atoms on the surface of the
thermocouplo, The temperatures recorded were therefore highexr than
the actual temperature in the discharge, |

The maximum temperatufes observed for both the bhenzene and
cyclohexane discharges were below 950°C under the experimental
conditions stated. The relatively low pgas temperatures show that
the reactions observed in the benzene and cyclohexane systems were

not due to pyrolysis,
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