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SUMMARY

"lThe chomical reactions,of tolﬁene and oxygen in & 50 Hz ac
"discharge have beenistudied in a capééitive coupled disoharge
reactor. | |
The variables iovostigated vere pa?tial pressure of the
- reactants, réactor ﬁressure; reactor temperature, reacfant ratios,
: applied reactor voltage, discharge'durrent;]oapacitive curreot,'
breakdown voltage, and the pﬁése shift,
‘The thermal roaction vas negligible at temperatures below
300, | | |
The major products of the reaction between toluene aod oxygen.
were benzaldehyde ‘o-cresol, benzene, m&p—cresol, phenol and benzyl
alcohol. The reaction was controlled by the electrlc field and the T
total reactor p;essune. | |
The threshold energyxfor the chemioallfeaction.wa§ foﬁnd to be
sbout 10 eV, .' |
The.feaction'#as_found to be of first ordér with respect to
'oxygen.. The effect of the.electfio field was correlofed by the
parameter E/N.
The selectivity of benzene was mainly determined by the ratio
"of toluene to oxygeo. Cresol, benzaldehyde, benzyl alcohol and
phenol were malnly controlled by the parameter E/N and the partial

pressure of oxygen ‘and were‘all_flrst order:w1th respect to oxygen.

\




A rate expression for bimolecular reactions in cold plasmas

' wes derived emnd found to agree well with the experimental results.

A model was proposed to explain some unusual features of the

discharge current, and a circuit for measuring the discharge

curfent was descrived.

The energy yield obtained wqé'abqut 1 kWhr per mole toluene,

e,
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CHAPTER 1

INTRODUCTION

Chemical reactions in an electrical discharge have been
extensively studied during the sixties. (42, 1, 8, 61, T1]
Despite this effort the only commercial'process in use is the
production of ozone. | |

There are several different types of electrical discharge.
The two basic discharges are the electrodeless r.f. discharge
{microwave dischérge) and the low frequency discharge utilizing
'eléctrodes (capacitive discharge, corona discharge, arc discharge).
All these types_of electrical discharge have different character=-
isties. The major interest from a chemical reaction point of view
is whether the electrons can be considered to be in thermal equi-
livrium with the gas or not. |

In a cold plasma, where the electronrand the gas texmperature
are different, it is possible to produce more active molecules, which
would otherwise be impossible if thermal equilibrium was established.

The plasma consist largely of free radicals, ions, molecules
and molecular fragments. It has often been described as a fourth
state having slmost metallic properties in some respects. It is
therefore hardly surprising that compounds like oxygen fluoride
and ozone can be produced in an electrical discharpge.  Even the
noble gases react to form fluorides.

The reaction chosen for this particular study was the reaction
between toluene and oxygen. A literature survey revealed that this
particular system hds not been investigated previously. The elec-

trical discharge reaction is a possible alternative to thermal or




catalytic oxidation of toluene for production of technicall&
important intermediates such as benzaldehyde, benzoic acid and
phencls. Also the fechnique may be of use in other partiai oxida-
tion processes which are at present used on a large scale in the
petrochemical industry.

The research undertaken is directed to the understanding of
chemical reacﬁions in an electrical discharge and the influence
of the process variables such as temperature, pressure, residence
time and.zlectric field upon reaction rate, conversion, energy
yield and selectivity.

The reactor properties such as electric capacitance and
breakdown voltage were measured. The power digsipation and the
discharge current were recorded by introduction of an electric
circuit.

Brooks lh3|,.studying the reactions of beﬁzene in a microwave
discharge, found that the high energy dissipation per unit volume
completely broke the benzene ring to yield acetylenes. On this
basis it was thought thét a capacitivé discharge, having a lower
poweé dissipation, would result in a milder atiack on the benzene
ring than an r.f. discharge. There are quite a number of configura-
tions to choose from like a.c. or d.c., electrodes inside or outside
the vessel., The system preferred was an annular reactor with double
dielectric barriers, Although this leads to higher operating voltages
there is the adventage of avoiding direct contact of the reactants
with the electrodes.

Discharge simulations were carried out in order to gain a
better understanding of the basic principles governing a discharge.

Preliminary runs were made in a bateh reactor. The main pur-

pose of these experiments was to give guidance for the final design



of a fléw reactor and to establish the range of operating condi-
tions.

The thesis has been divided into %fwo paits: chapters one to
four give a background of the accumulated theoretical and experi;
mental knowledge whereas chapters five to nine desecribe the reactor

properties and the experimental results.







CHAPTER 2

FUNDAMENTALS QF ELECTRICAL DISCHARCGES

A gas in its normal state is a good insulator. However, if
an el;ctric Tield of sufficient strength is applied, the gas becomes
conducting. This phenomena is called eléctrical.breakdown.‘ There
are several types of discharges depending on voltage and opérating

pressure. Fig. 2.1 shows some types ﬁf discharges.

From tﬁe chemical point of view we differentiate between thermal
(equilibrium) and non*thermﬁlr(where the electron temperature is
higher then the gas temperature) discharges. The latter is also
termed cold plasma and this is the tyﬁe of discharge formed from
capacitive coupling of the electrodes. Fig. 2.2 shows the a.c.
inductive resp. capacitive coupling as given by Spedding |h2|.
Llewellyn-Jdones ]hl has déscribed the conditions for breakdown at
~different circumstances in gases. At lower gas pressures the break-
down voltage follows_Paschen's léw and is a unique function of
pressure times electrode separation. The Townsend criterion (2.1.2)
and Paschep's law ‘are only ;oncerﬁed with the steady state. If
~the fregquency is high we must allow for the time lag, e.g. the time
it takes from the moment when the external electric field is applied

until breskdown occurs.

- Ll ] & 1] ) T 5 T ' ‘ T Y

- g
107w -

>
- . 1

” Thermonuclear 4
By :
0 ,.T
g 07 i
o slectron
o
) -~ Dbeam. o
S| ‘ -
o 10k N AN N 4
3 bliow silent ace
o [ . WUlscnarge discharge i
21 longsphegre, 4 N\ N L DN .

1 ]
10'¢ (o' {pie 1047 10%0 0% 1028 g
Electron density [wY

Fig, 2.1. Classification of discharge types
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The self-sustaining discharges are formed when the applied

voltage is accelerating the few stray electrons that are aiways
present because of background radiation. These electrons acquire
Xinetie energy as they move in the electrie field. In this travel-
ling they will collide with gas molecules. Most collisions are .
elastic, but occasionally some electron will have sufficilent energy
to ionize the gas and an avalanche of electrons builds up, following
a breakdown of the gas. ¥Fig. 2.3 shows a £ypical voltage-current

characteristic for a low pressure d.c. discharge.

o T T T T
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Fig, 2.3. Glow_discharge characteristic |h2|




If we loock closer at the visual appearance of the discharge we may

see something like fig., 2.4 depending on the operating conditions

like pressure, ete.

i #
cathode nevative nositive anode
zlow slow cojumn Jlow
JoreN ,
d.c. ¢ £

curTent restrictor

Fig. 2.4, Glov discharge at low pressure

The discharge is not as homogeneous as it first looks. It consists
of several distinct zones. Brewer and Westhaver'lssl studied the
gynthesis of NH3 and found that NH3 wes formed only in the luminous
discharge regionsland preferably in the negative glow where the
electrié field is largest. This also means that the kinetic energy
has its highest value in the negative glow. The disadvantage of
having zones of different energy and product reactivity is overcome
by using alternating current, the ffequency of which may be 50Hz to
several kHz obtained from the main supply resp. solid state con-
verters or generators.

Many research workers have found-that the reaction kinetics
often are complicated by secondary resction with the electrodes or
deposition on the electrodes., This problem can be avoided by with-

drawing the electrodes from the discharge tubes. A typical czonizer

is shown overleaf in fig. 2.5.
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2.1 ELECTRICAL BRFEAXDOWN

¥When the applied voltage between two_electrodes is increased
beyond a certain value, the éurrent risgs steeply, and further
increase iﬁ volﬁage leads to a spark or stepwise current increase
(fig. 2.3) called electrical breakdown. The step increase in
current marks the beginning of ionizafion by collision. The actuel
voltage at which this occurs depends on such variablés as electrode
shape (point electirodes give lower voltage), spacing, pressure and
type of gas. |

The kinetic energy gained by an electron is Elee, but since‘lé
is proportional‘to 1/p the gained energy is proportional to E/p.
Thus, whatever the secondary processes are, the critical field will
depena on the ratio E/p. .Criﬁical values for E/p are given below

for a few gases.

Gas E/p |volt cm_lmmthl!‘
Air 20
Hydrogen 10
Argon . 5

Neon 2




2.1.1 The Townsend discharge

Townsend |4} studied the veriation of current with the
applied potential between two parallel plates when ultraviolet
light was falling on the negative electrode, If the gas was at
high pressure, the current increased with the electric force and
attained a maximum value; which was not exceeded unless very lerge
forces were used., However, by reducing the presspfe of the gas,
a large inecresse in current was obtained even at low voltage.

Fig. 2.6 shows the relation of current and voltage at low pressure.

Current

Voltage

Fig. 2.6.a. Voltage and current cheracteristics

of a discharge

In the first'stage, AB, the current inereases linearly with
the applied voltage. The rate decreases at higher voltage and
the current reaches & saturation value at stage BC. In the third
stage, CD? wvhen the electric force is still further increased,
there is a large increase in the conductivity. This was explained
by the hypothesis that new ions and electrons were produced bj

collisions, at first practically by electrons alone, but as the

10




voltage increased and the sparking potential is approached, the
positive ions also acquire the property of producing others to

an appreciable extent.

2.1.2 Seccndary ion preduction

| At the critical value of E/p the most energetic electrons
have sufficient energy to cause ionizaetion when they collide with
an atom or molecule, producing an exﬁra electron plus an ion. The
additional'electfons may, under favourable circumstanceé, them~
gselves produce more electrons and positive ions. This process
glves rise to an aﬁalaﬁche of electrons initiated by a single
electron,

Suppose one electron on average makes o iomizing collisions
by travelling 1 c¢m in the direction of the field. The increase
in the number of electrons (dné) caused by travelling dx cm in
the electric field is then

dne = ng adx
if ng is the number of electrons we start with at x = 0.

ax . 0
e wvhere . 1. =n_ e

[Z5
1]
-

We get n =n e and

is the current at the cathode and dependent only on photcoelectric
or radiosctive radiation.

& is called the first Townsend ionizstion coefficient and is

not a constant but % = £(E/p) . The function is often expressed
as % = Ae—3 p/% , Where A and B are constants depending on the
gas used.

At higher E/p there are two processes thet ecan cccur: produc~

tion of photoelectrons at the cathode and collision of positive

il




ions with the cathode. A highly energetic electron may not only

ionize an atom or a molecule but also leave it in an excited state.
When the atom falls back in‘its normal state, the excess ehergy
is given off in the form of rediation. If this energy falls on
the catﬁode it can free an electron that gives rise to a new
avalanche as it travels to the anode; Electrons emitted by the
ancde are pulled back by the electric field.

Electrons may alsc be produced ﬁhen positive ions collide
with the cathode, and some of its kinetic energy is transferred
to electrons in the metai surface. Let Y.be the probability
that a secondary electron will be emitted from the cathode by
secondary processes associated with each primary multiplication

event. Therefbre there must be n. + n _electrons leaving the

0

_cathode/sec and n = (no +_ns)eax electrons reaching the anode.

Now the number of secondary processes teken place is the aif-
ference between the number of electrons arriving at the anode and
the number of electrons leaving the cathode, i.e. n - (no + ns).

The number of secoﬁdary electrons produced is thén
n_ = Y‘n~(n0 + ns))

. ' o
n_+n, =———->™ since n = (no + ns)e *




and
ax
a

ox

1-y(e™ - 1)

This equetion gives the criterion for self-sustaining con-
ductivity in a gas. As the denominator approaches zero, the
current is increased and finally flows regardless of i.. The

O
eriterion for breakdown is thus

1 ax

This means that starting with one electron at the cathode enough
ion pairs are formed in the electric field so that at least one
" new pair is formed‘by secondary processes. Depending on the con~

ditions this can be a glow discharge (et low pressure), corona or

an arc.

2.1.3 Attachment

In electronegative gases, like oxygen, electrons can combine
with molecules or atoms to form negatlve 1on5. Negative ions can

be formed by an electron capture process
- %
AB+e>(AB) -+ AB + hv

or by a dissociation process to form ion peirs

#* F -
AR +e>AB +e>A +B +e

The latter reaction requires higher energy, because it must break
the A-B bond, which requires about k-5eV.
The effect of attachment on electron multiplication cen be

found from a similar treatment as the first Townsend coefficient.

(2.1.a)

= vt . {2.1.Db)



| Let n be the attachment coefficient, defined as the number of
attachments per electron per em drift, by analogy with the first

coefficient «. Since the effective electron multiplication is

= e(a—n)d . The current consists partly

@ - 1n we cbtain n
e o

of negative ions arriving at the anode. The total current is

therefore
i=e (ne +n_) . .
= e noe(a-n)d + f nndx
0]
—en el®Md ng _[e(a—n)d _ 1}
© o~ 1
Hence
. i .
is= 0 [ae(u n)d - n] (2.1.¢)
@ =-n

and if we include Y in our calculstions we obtain

gelomla _ o ( )
i=1i —~ 2.1.4
0 a-—-n - av[e(a njd _ lJ.

In absence of attachment 2.1l.¢ reduces to i = ioead
and a plot of log i vs d gives a straigﬁt line of slope «,
fig. 2.6.b. The upcurving of the slope, due to Townsend's
second ionization coefficient, vy, is not iikely to be found in

an electronegative gas. Instead the slope of the curve decreases

a8s the current increases.
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gas '
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Fig. 2.6.b. Effect of attachment

Breakdown voltage {volts)
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Fig. 2.7. DBreakdown voltage for oxygen §1lf|
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P 2.1.4 Paschen's law

For short gaps at lower pressure good agreements have been
obtained from the Townsend criteria, yead = 1. If the first
and second ionization coefficients, o, y, are expressed as a

fgnction of E/p and inserted in 2.1.b we get the foliowing ex—

pressions:
% = £, (E/p)
Y = £,(E/p)
£y(B/p)exp(pa 1, (8/p)] = 2
and
-V, = func(pd) | (2.2.a)

This relation is known as Paschen's law aﬁa'was established
experimentally a§ early as 1889. A graph of the breakdown voltage
for oxygen is shown in fig. 2.7.

According to Townsend's theory the férmative time lag should
equal the ion transit time. However, practical experiments around
atmospheric pressure andlabove-have given much shorter time lag.

To explain this Meek |51} and Raethef {52| independently postulated |
the streamer theory. The theory is based on the follpwing prinéiples.
An avalanche is initiated by an electron leaving the cathode. Due
to the high mobility, electrons are swept‘away leaving positive ions
behind, with its highest concentration near the anode. The positive

- charge will distort the electric field. Auxiliary avalsnches are
produced from photoelectrons in the vieinity of the avalanche head,
thus extending the positive charge and ionizing the gap.

Meek obtained the folleowing criteria for breakdown
ad + loge(a/p) = 14 46 + loge(E/p) + 3 logé(d/p) - (2.2.p)

Raether gives the criteria for streamer formation as ad 2 20.

There has been some criticism of the eriterion of Meek and
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Raether ]53| The equation 1s erpirical, giving values of Vs

‘which differ very little from the simpler form, exp(ad) = gonstant |5h].

. 2.1.5 Charge trensfer

In some gas mixtures or impure gases there is a significaht.,
reduction in dbreakdown voltage. ' The explanation.fcr this be-
haviour is ﬁhat.excited metastable atoms can ionize another mole-
cule or atom'by virtue of its excitation energy, if the latter is
larger than the required 1on1zatlon energy.' Fig. 2.8 shows the
breskdown voltage in sn argon-neon mlxture. In this case neon,
excitation energy (38 P2) 16.62 eV, is colliding at thermal velocity
with argon in groﬁnd state, ionization energy 15.76 eV, with a

probability close to unity., This effect is known as the Penning

Effect.
2000 ,
= \///:
L
_ and -y
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e - — -
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4
21000 = =
~4
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o L -
g | .
3 , .
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3 5 RS PR "
3 pe + 107
153 - -
M -2,
iy He + 10 A
k -
e i ¥ ? 1 1 L1 1 i ! 1
i) | 100 200 500 400 500 pd
{ma iig cm)

Fig, 2.8.. The Penning Effect in Ar-Ne mixtures [l?[
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2.1.6 Corona discharge

In non—uniform fiélds, e.g. point to plane, sphere to plane
or coaxial cylinders, the‘&pplied field and Townsend's ionization
coefficient vary across the gap. The Townsend eriterion therefore
takes the folloving form$

| d ‘
Y{exp(Jadx)}— i =1 (2.3)
. 0 L

which simplifies to

da - ‘
adyx = log (1 + 2‘-)
= h
C

For coaxial geometry the integration limits becone the'inner and
outer radii of the eylinder.

Peek [56|.expreséed the electric field at a surface required
for production of a visuai corona‘in air between two coaxial

cylinders as:

L

E = 31_mp{l +

9:—3-Q§J ‘peak kV/em (2.4)

pa

‘where & is the immer radius in em, m is a surface roughness
factor = 1 for polished surfaces, p is the relative density

factor given by

0.392b_
P TR Y
b is the barometric pressure in mm Hg, t is the temperabture in °c.
At high pressures there is é distinct difference in visual
appearance of the two polarities. Under positive corona a bluish
white light covers the entire area, whereas the negative corcna
appears as . reddish glowing spots distributed along the surface.

The first investipations of negative corona were made by Trichel 1571,
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who observed that the currént flows in irregular pulses, which have.
been nﬁmed.after their discoverer as Trichel Pulses. The repetit-
ion fTGQUEﬁCY (SRHZ/UA) was found to incresase with increasing

current and point sharpness; An intefprétation'of these pulses

was given by Hudson and Bennett [58[ vho ascribed the process to
acéumulétion 6f negative ions outside the poéitive space charge.
The-negative space charge grows faster thén the positive space
‘charge as positive ions are withdraﬁnzfrom the field into the poiht.‘

The positive corona has been studied extensively and has
recently been reviewd by Loeb |59].

The breakdowmn of the electric field is in the form of pulses
with a repetition frequency of about 1 kHz. Loeb called this form
of corona, burst cofona. The average current increases steadily
with voltage until the discharge becomes self-—sustainéd. The
burst pulses are generelly preceded by a streamer starting from
the point towards the plate. Near the éOrona threshold pﬁtential,
two discharge forms,are usually observed corresponding to streamers
and bursts.

Once a streamer, which has crossed part of the gap but not its
full length, has formed, adeguate negative space charge can form
which inhibits the formation of further streamers but not formation
of coronas within the short fegion‘near the point. |

The breakdown voltage for nitrogen between a wire and & coaxial

cylinder (radii 0.083 and 2.3 em) is shown overleaf in fig. 2.9 ]lTI.
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Fig. 2.9. Effect of polarity on breakdown voltage

2.2 COLLISION PROCESSES | ' R

A collision is defined as én encounter between particles
that constitutes a change in mass, romentum, or kineﬁié energy of
any of the partiecles. TFrom this definition.it‘follows.that more
than one type of collision can‘éccur.' Two types are distinguished:

elastic collisions where translational energy is changed, and in-

elastic collisions where the internal energy as well as the
kinetic energy of a particle are changed,

An inelastic collision can result in excitation, ionization
and in some cases in chemical reactions. When we calculate the

. rate of chemical reaction we must know the collision fregquency,

which 1is determined by velocity and concentration., Furthermore,




we must also know the probability of the reaction to take place,
which can be found from the cross-section. Unfortunately, both
the velocity and cross—section are not constants, As a result of
collisions some particles have a higher velocity than others.
However, we can assign a mean value and a stendard deviation of
the scalar velocity based upon a sufficiently large population.
Thus, the fraction of particles having a veiocity between v and
v + dv can be found from a distribution fﬁnction. The cross;
section cannot be calculated from microscopic data and has there-
fore to be measured. To achieve this we cannot use the reaction
rate in reverse, since the accuracy would not be sufficient and
also‘we do not have monoenergetic particlés. There are two basic
ways in which the reaction cross—section is measured. The most
common is the moiecular beam method. In this method one of the
reactants is heated to very high temperature aha then allowed to
diffuse through a collimator into a beam of molecules with high
translatioﬁal'energy, The second reactant is introduced as a second
bean at.right angles to #he first.

The other method is irradiation of molecules with uv—iight
-causing fragments fo'recoil at high energy. If these hot atoms
react in their first few encounters, they can be used to measure
the cross-section.

In the classical rate theory; as Steinfeld and Kinsey ]5] ﬁoint
out, the Arrhénius parametef is a reflection o£ the Boltzmann dis-
tribution and not a specific'prpperty of the reactants. Thus much
information gbout the encounter is hidden in an irretrievable form.
To give a complete picture of ﬁhe collision one would like to have
access to the cross—section as well as the rate constant.

The main application of the collision rate theory has been in

atomic physics of elementary particle bombardment in vacuum.
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The classical rate theory is used in an overwhelmiﬁg number of
cases among chemists due to its simplicity of measurement ané
straightforward calculations,

| In the case of chemicel rezction in electrical discharges.
vhere we have particles with different kinetic energy, the electron
tenperature can often reach 20-30,OOOOK. Pérhaﬁs a more meaning-
ful way'of describing the particles is in terms of electron volts
{eV). 1 eV is sgbout 23 kcal/moie. Also the kinetic energy gained
between collisions is a function of the mean free path of the

_ electrons., It seems therefore more logical to present the'influence

of electrical variables in terms of the collision theory. =

2.2.1 Cross—-sections

We can define a cross-—section if we think of the particles as

spheres, If the particle has a diameter d., any one will collide

0

which lies with its centre within a cylindrical volume ndgl whose

axis is in the path of the first particle. This volume is wdg per
unit léngth of path. If the number density is n, this volume con~
taing ﬂégn particles per unit length, which is therefore the number
of collisions per particle per unit length. Hence the mean free

path between collisions is
1

Tmd

A= 5
0

(2.5)

For a mixture of gases the mean free path of particle 1 with any

other type of particle is:

AL =

1
* nz mrdier + fi

m
x

_ '| - — v
where dlr = §(d1 + dr) and‘mr 1s thg mass of an r—type particle,



Sﬁecifically for an electron (2.5) reduces to A= 5
mnd,
vhere n and 4 refer to ions or neutral particles.

The above expression fails in practice because thé particles
do ﬁot behave &5 elastic spheres of a fixed diameter. An import-
aﬁt result hovever is that the mean free path varies inversely as
density or at_constant temperature,-as Pressure.

The probébiiity of a particle makingra collision in unit
distance is the reciprocal‘of its mean free path. Hence Pb = 1/A
= nq where g is_the cross-section. Dépending on what changes take
placé we define more specifically a cross-section for ionization,

excitation, elastic collision, and so on. If necessary q can also

be subdiviged, i.e. qexl’qex2;""°

Every collision must fall into one of these categories and we

can therefore define an overall cross-section as Lot = E -

The ratio qx/qtct gives the probability for x to occur. Thus
qi/qtot is the probability of ionization, The probability depends

on concentration n. For this reason values of Frare usually re-
ferred to a standard state at 0°C and 1 mm Hg, at which n = 3.56

16 ~3

10 7em -,  Now a, is not constant but varies with the kinetic

energy of the particles. For example, if the ionization potential

of a particle is Vi volts, then when V < Vi q; =0, and when V > V.

we find that qa; is not constant but varies with eVi.

Elastic collisions behave in a similar way but lack the

threshold value. Hence cross-sections are often given as curves

with enerpgy, expressed as voltage or velocity, as abscissa.




2.2.2 Distribution laws

Due to frequent collisions of the molecules there will be an
equilibrivm distribution of velocities., This distribution can be
expressed as

N .
== rlv)av (2.6)

where %3 is the fraction of particles with velocity between v and

v + dv. f{v) is called the distribution function. Similarly there
is an equilibrium distribution of energy. The Boltzmann's law
expresses the number of particles in a given state as
. . & -@. /kT
By 8 xp( e;/kT)
n

Z 8. exp(-er/kT)
=0

(2.7)

Thé denominator is often called the paréition function. In ob-
taining Boltzmann's law it i1s assumed that the particles are
distinguishable. If instead it is assumed that the particles are in-—
- distinguishable, it‘is found that there are two solutions which will
be independent of permutation. These are called the symmetric and
antisymmetric combinations. The first ieads to the Einstein-Bose
statisties and the second to the Fermi-Dirac statistiés. Fortun-
ately, these cases do represent limiting cases of the Boltzmann law,
and are applicable at low temperature., The Einstein-Bose and

Fermi-Dirac statisties both converge to the Boltzmann law if

(2vka)3/2 >> nh3 _ (2.8)

The ¥Maxwell distribution

Meek |15| has established the condition for a Maxwellian dis-

tribution in a gas discharge as
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A EE& << T, A NP ,  EyEA << imv y (2-9)
- g . ar e
where A, A_, are the meaa free path of gas particles and electrous
respectively, %m&e the mean kinetic energy .of the electrons, Tg
tﬁe gas temperature and f repfesents e distance. The first of
these conditions implies a small tempersture gradient, i.e. small
hea£ flow. The second condition stipulates a small concentration
gradient.. And thg third condition stipulates small energy trans-
port in a field of force, i.e. mobility of electrons in an electric
field. When these conditions hold, it can be assumed that the
equilibrium laws hold at any point with sufficient aceuracy. The
simplest definition of temperature is a constant of equilibrium
such that the mean particle energy is = -23—lk’l‘. Without equilibrium
. the definition of temperature has no real meaning.

The distribution function for a Maxwellian distribution 1s

3/2 2 '
£lv) = h“(E:kT) v EXP{;E; } _ | {(2.10)

or in terms of kinetic energy (e = Imv®)

3/2

f(e) = VZm/ﬂj(%§J e exp(-e/kT) | (2.11)

The Druyvesteyn distribution

The e#istence of an electric field in a discharge tends to
upset the equilibrium, and the energy gained by collision may not
be completely randomized as assumed. Druyvesteyn |l6| derived an
expression for electrons that have a considerable drift in addit-—
ion to their random velocity. This distribution assumes a con-
stant cross-section and a uniform electric field and finally that
only elastic collision takes place. The Druyvesteyn distribution
is

25




£(E) = 1:_0& (E/E)% eXp{-—O.SS(s/E)Q} ' (2.12)
- E

vhere £ is the mean of the electron kinetic energy €. The mean
energy ¢ is determined by the electric field strength and the
mesn free path of the electrons. Ae is typically 0.C01 ¢n at

- 50 mmHg |3|. The distribution can also be expressed as velocity

by making the substitution e = %mv2 and dv = de

n
;}
[y

The Druyvesteyn distribution is narrower than the Maxwellian dis-

tribution.
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2.2.3  Cross-section for ionization of toluene

electron impact.

12

energy increasing from 20eV to 250eV in steps of 10eV. Also given
is the mean free path of electrons between two ionizing collisions

= < . .
at 10 rmm Hg. The method employed by Gomet was ionization by

J. G. Gomet ]22] determined the total ionization cross-section

for water, benzene, toluene and naphtiplene for an ionizing electron

Lross seation (q)
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2.2.%  Cross-section for ionization of oxygen

Tate and Smith |60| studied the ionization cross-section of
oxygen and several other gases by electron impact. These ioniza-
tion curves as shown in fig. 2.11 have the typical shape - they
rise steeply from the threshold energy up to a maximum and there-
after decay more.s;owiy. The maximum cross-—section occurs at an
encrgy several times the threshold value. The cross—seétidn-in

fig. 2.11 is related to the probability of ionization by

1
P, =~ =n.q.
i Ae 04 -

16 -3

Pi is usually quoted 2t 1 mm Hg end 0°C for which ﬁé = 3.56 10 cm

Such a value is also known as the efficiency of the process, in

this case ionizstion.
R
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FIG. 2.11 The probability of ienization of Ny, CO, Oy, NO, H; and C,H,. The
ordinate represents the number of positive charges per ¢lectron per cm path at 1 mm
Hg pressure and §°C. J. T, Tate and P. T. Smith, PAys. Rev. 39, 270 (1932).
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2,2.5 Reaction rate from c¢ollision theory

For a second order reaction: A + B > products, the reaction

rate is expressed as

aca - | '
i sr(v e Cp (2.13)

therefore kr(v) = v§r(v) wvhere k(v) is the bimolecular resction
rate constant for a particular value of the relative velocity.
Let f(v} represent the distribution of velocities, section 2.2.2.

The total reaction rate is found by integration over all velocities. -

k, = Jf(v)ér(v)vdv R : (2.1ka)
0
or expressed in terms of kinetic energy e = imv
k=% {ee)s (eae . (2.14b)
r m ) e ‘ )
5 .

‘To calculate the rate constant we must know the distribution
law and the cross-secticn Gr(e). For a Maxwellian distribution

we have, according to section 2.2.2,

f(e) = f(m/’:r)(2/k’l’)3/2€ exp(-e/kT) . (2.15)
The simplest cross-section is the hard sphere model for which:

§ {e) = C . when ¢ g5 E
r a

i}
=
[o?

Gr(s) 1o when € > Ea .

Inserting.these velues in (2.14b) we get

=
1
g+

/(m/w)(E/kT)B/deiz Ja exp(-&/kT)de .
: E

a
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After integration we obtain

k, = (SE{T/wm)%(wdiz)(l + (Ea/k‘l’))exp(—Ea/kT) . (2.16)

The numerical value of k from the collision theory is normally
slightly higher than that predicted from transition state theory.
However, in our case it will be shown later that the collision

théory does provide us with an interpretation of effects of the

electric field on the reaction rate.
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CHAPTER 3

CHEMICAL REACTIONS TN ELECTRICAL DISCHARGES

' The chemistry of chemical reactions in electrical discharges
:has been reviewed by MeTaggart |1| and Kbnd;at'ev l?ll. It is
accepted that free radicals are formed in the dischﬁrge some of
which are longlivéd, e.g. the.benzylradical. The enérgy field
obtained is about 1 kWhr/mecle, which is about ten fimés less than
that of aqueocus electrolysis. |

Since the conjug@ted hydrocarbon radicals often have rela-
tively long lifetimes they often combine to give polymerie sub—
stances in some cases as the major product. If we.consider the‘
vast number of reactions for organic radicals, We.can appreciate
the complex sitﬁation that must exist in the dischargelregion for
higher hydrocarbons.

There are very little data published on organic reaction in
gas phase utilizing the collision theory with measurement of the
reactive cross—settién. No suech data could be found for reactions
taking place in an elecﬁricél.discharge.

The ionization potential for most hydrocarbons and radicals
1s in the range 9-10 electron volts (appendix 1.1). The excita-
tion energies will of course be less since the electron(s) are not
completely removed but merely brought.out further from the centre
of the molecule to a higher orbifal. In a discharge therefore we
find not only moiecules and free radicals but alsc excited molecules
and ions. Figure 3.1 has been taken from Kondrat'ev ]?ll and shovws
the different enerpgy levels for oxygen. If we have a mixture of a
non—-condensable gas with an organié compound, there are several

 possibilities. Either the non-condensable gas is excited or the




; organic compound or possibly both. Seection 3.1 is an account of
reactions reported in the literature for non-condensable gases.
Reactions occurring in a discharge with only the organic compound

present are described in section 3.2,

3.1 REACTIONS OF SOME ATOMIC GASES

_There are two ways that the atomic gases can combine, By
homogeneous recombination we mean the homogeneous reaction (only one
phase present) to form the molecule.

I+ X= X2

Since this is a reaction common to all the atomic gases it has been

desceribed separately in section 3.1.1.

When recombination takes place at the wall of the reactor {or
at a solid interface) we have what we cell a heterogeneous recoﬁbina—
tion, section 3.1.2. |

Another type of reaction occurs when an atomic gés reacﬁs with
an organic compound in its normal state. This normally consists of
abstraction, hydroggn abs£raction being the ﬁo%t usual case, but ab-
straction of other atoms mey be possible. This hydrogen abétraction
that occurs is interesting in thermolecular reactions,since it is
.responsible for the branching in many reactions. The recombination,
whether it is homogeneous or heterogenéous, is often the terminating
step. The information of atomic species is indeed very valuable
since it can provide a clue to the reaction mechanism,

The reaction of an atomic gas with itself and also the reaction
with a hydrocarbdn in its normal state is described in section 3.1.3

¢

t_o'3.1.5.
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3.1.1 Homogeneous recombination

The homogeneous recorbination of atoms can be represented by:
X+ X +M> X, + M | - (1)
vhere M is a third body, such as inert gas. The meclanism is

thought to proceed in two stages over an activated complex.

. K,
X+¥ o (2)
'XM*+X+X2.+M* " (3)
K A .

. ]
The third body (M) must be pi'esent to remove the heat of reaction
- (or part of it) otherwise the complex will fall apart to atomie
species again very rapidly. The mechenism of the two stages is
often referred to as the Lindemann-Hins helwood mechanism. Since
the activated complex rapidly falls apart it will quickly resch a steady

state concentration. . :
(-ry)* = x X[ [ - x, [ - kc[m]%[x] =

| e D
thus (xM)* = W
d(XB) kX

and » ek [XJ [x] [M] (W)

when the radiative lifetime of the complex (XM)* is short compared

with the time between collisions then kb >> kc [X]

and . [rsz = lkt 1% (]

k k 14 ik
kt can be estimated K, = —= C o, 107710

6k ols

The lifetime of [XM] ¥ is set to about a period of molecular vibra-
tion (107 13sec).
Thus the magnitude of kt for recombination of O, H, N are all

in the order of 10'5 cmf mole™2sec™ &t 300°K when M is a gimple
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molecule. For a more complex molecule this value will increase [2[.

Table 3.1 1ists a number of third body collision recombinations [L.

M H i) Q I Br
He - 0.8 - 2 3
A 4 3.0 | 1 3 (
H, 7 - - 6 -
002 - - - 13 20
N2 - 10 - 9 T
0, | - - 1 7 -
toluene - - - 19% -

Table 3.1 Values of kt.lOls(cmedle‘zsec_l)

3.1.2 Heterogenecus recombination

The excess energy 1s released as heat when recombination occurs
gt the solid wall. Heterogeneous recombination (s commonly found.
to be of first order; and. are often described in terms of a re-
combination coefficient v. ¥ ig defined as the fraction of the
total collision leading to recombination. The recombination coef-

ficientsfor H, N, 0 areshown in table 3.2, 116,17]

. Surface H 0 - N.10%
silica ST 0.2 -
pyrex 5 0.02 0.02
H4FO, 0.02 | ©.12 -
silver 50 200 -
platina - - 20.

Table 3.2 Recormbiration coefficients at 0.1 mm He
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The state of the surface is extremely important and ény
surface contamination will change the value of y very drastically.
Acid surfaces are much less reactive than alkaline surfaces.:

Linnett has measured the recombination.coefficients, Y, at

. room temperature for 30 elements. Further, Linnett also determined

600°C. The recombination was found to be of first.order with
respect to oxygen. The value of v waé found to be 1.6 107* at
20%¢c rising to 1.% 1072 at 600°C. Voevoaskii reported an activa-
tion energy of 6.5 kecal/mole, whereas Linnett finds 1 kcal/mole at
20°Cmrising to 13 at éOOOC and decreaéiné to zero at 500°¢,

If we neglect the radial ceoncentration gradient and assume a

the reaction order and the temperature dependence for silica up to
first order decay of oxygen atoms we get the fbllowing differential

equation.
' 2
= de d ¢
Vg = Doy s~ ke (3.1) ‘
dx

with boundary conditions e¢ =e¢. at x =0 arnd '%% =0 at x=r1 ‘

for a ¢ylindrical vessel.

- 1
If the diffusion term kD/v2 is small then k = k'(1 + %52)

- d{lnc) d{1ne)
1o oy i) e o MMM
vhere k‘ 3's 5 3t .

The number of wall recombinations is given by YN&, where I

is the total number of collisions per unit area, unit time and unit

_ 4(inc) " Yvs
dt Ly

concentration. But N = /4. Then k=

For a cylindrical vessel we have S/V = r/2 and therefore

-

k= yv/er o (3.2)



3.1.3 Oxyzen

There are two basic ways of homogenecus recombination of
oxygen atoms_]6l! -~ the ozone mechanism and the direct recombina-

tion. The reactions for the ozone mechanism are:

O +0, +M=>0,+M | - {35)
Oy + M >0+ 02.+ M : ' (6)
70 + 0, > 20, | (7}

The corresponding rate constants as reported by Benson and

Axworthy ITOI at lQOOC aref

-k5 = 6.0:107 exp(+600/RT)

k6 = },6-1012exp{-24,500/RT)1 .mole " Lsec™]
lmodified to H0298 O(3P) = 59.56kcal/mﬂle[
k, = 3.0+10! Cexp(~6,000/RT)1 . mole~tsec"]

For the direct recombination of oxygen we have

"0+ O+ M= 0, + M (8)

kg = 1+10° 1.%m01e 2sec

The activation enefgy for this.reaction_have not been found in the
literature, but since this is a recombination of two radicals it
should be close to zero. |

At low pressure and temperature, below lOOOC, reaction (6) is
not important and mey therefore be neglected. In case of high
surface to volume ratio (S/V)} the heterogeneous recombination is
by far the dominant reaction. Although these recombinations
seemingly are simple they are far from simple. In all these reactidns
there.is the problem of guantum energ&‘transfer'in form of rotation,
vibration and electronic energy whicﬁ are not sufficiently under-—

stood. There is also the deviations from the Boltzman distribution.
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Unlike hydrogen there is evidence that oxygen and nitfogen
produce metastable exeited molecules in a discharge. Herron and
" Seiff |27| using microwave discharge end a mass specérograph for
identification of the positive ions, found 8% 0O atoms aﬁ 1 mm Hg

and 10-20% of excited O, probably in the 1Ag stete. The ozone

2
concentration was less than 0.02%. A similar experiment by Foner
 znd Hudson confirms the results. |L6] This also confirms the result

of Mearns |k5| that ozone is not formed in the discherge zonme, but

rather by recombination after the discharge zone. Possible reactions

are:
03( Stu) 0, =0+ 03 collision deactivation
- + '
+ = + 3 :
02 02 8] 03 + hv recombination

O +0, +M=0,+H

The main reaction of oxygen with saturated hydrocarbons is

hydrogen sbstraction. Herteck and Kopsch [48| found that CHy reacted

. At 19000 the conversion was 6% and it was

4

to give H20, and CO,
concluded that the initial step was likely to be
O + CH > OH: + CHg
followed by rapid reaction of the radical and atomic oxygen.
Cvetanofié_|33]investigated'benzeneand toluene using o#ygen atoms
produced by photosensitized decomposition of nitrous oxide. The
reactions of stomic oxygen with aromatics are presented in section L.2.
Thé second type of reaction with oxygen on hydrocarbons is the
addition to a double bond. Cvetanoviec et al |[64-69] exanmined
several hydrocarbons. They concluded that the main reaction for

olefines are addition of oxygen to the double bond to give epoxy

and carbonyl compounds.
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‘ The observed product by addition of atomic cxygen to cis-pentene-2

and the yields are shown below : YIELD

e Soks

- C—C
W N
| _ cis~f-pentene oxide
S CHy & C/H -
| | O . 0.
CHy  CoHs H 0" e,
C=C + () ==>  ‘trans-B-pentene oxide
‘}{ | %{ | (:}425'” E%'-'(:23%4'z

cis-pentene-2 : 0

0.23

. methylpropylketone ?
CZH‘S_ Q“CQHS‘
0

diethylketone.
0
C H""C C 0.21
CH, H

2 methylbutanal

0.25

as given by.Cvetanovic |6T,68I. The rate constants for oxidation
of hydrocarbons with atqmic oxygen in the 3p state, genér&ted from
photosensisitized decomposition of nitrous oxide, are sh&wn in
table 3.3.

Fof saturated hydrocarbons, where hydrogen a2bstracticn is
presumably the initial step, there is a significant_sloﬁer reaction
rate - seﬁeral hundred times slower. Since all these experiments

were performed at room temperature (295 +3°K) this is merely a

reflection on the difference in activetion energy.




(isobutene = 1) {{em®mole teec™1)

" Ethylene 0.038 . 0.17
Propylene ' ‘ ‘ 0.23 o 1.05

. Butene-l 0.2k 1.1
cis-butene~2 } 0.84% _ 3.8
tr.-butene~2 1.13° . 5.3
isobutene 1.00 o b6 .
n-pentene-1 ‘ ' .2.8
eis-pentene-2 0.90 ' 4.1
2,3dimethylbutene? 4,18 ‘ 19.0
Butadienel,3 - 0.95 R
n-butane : 0.0017 ‘ 0.0078
3methylheptane 0.021 0.096
Acetaldehyde . 0.027 -’ 0,12
cyclopentene 1.20 5.5

20 oyta) ]
! oL )
18 e’ il
16
14
> 12
[H)
{s]
o
8 3y~ 0137 +0!'D)]
- ]
N T3t 0(*)+ O(*P)]
4 e
2
v
o}
s} 1 2 3 4
a
r, A

Ficg. 2. Encrey levels of O, and 01' and the encrgy of the most probable
transitions {rom the ground state of the oxygen molecule {(from the
point of view of the Franck—Condon principle).

\
|
|
|
: |
TABLE 3.3 RATE CONSTANTS FOR REACTIONS OF ATOMIC OXYGEN -
Reactant . Rel. k k 10™12 _
|
|
|
|
|
|
|
|
|
|
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3.1.4  Nitropen

In a discharge with oxygen there will always-be traces of
niﬁrogen present if no precaution has been taken to remove it. The
rormel impurity level of nitrogen is 0.3% in oxygen bottles.
Kapfman found that the;purity of 0xygen is of utmost importance for
the yield of atomie oxygen. If 0.01-0.05% nitrogen was added to
the oxygen the yield increased with.ébout 80 atoms per molecule
nitrogen added [1|. It is not yet cléar whethé: this effect is
due to heterogenegﬁs or homogeneous effect on recombination.

Effects like these will ha#e their implications on the reproduci-
bility which will ﬁepend on oxygen purity and geometrical dimensions
of the reactor. |

However, the presence of nitrogen atons makes it desirable to
include some molecule/radical reactions of nitrogen in this text.
‘The recombination has been described in’previous seétions. Nitrogen

‘atoms will react with oxygen according to:

¥ +0,> N0 +0 ) (9)
N+O+M=NO+M (10)
N + O - N2 + 0 (1)

with rate constants

kg = 8:10° exp(~7100/RT) 1l.mole lsec™!
ko = 1.6 10° 1Zm01e™25ec™?
kll =1.3 1010 l.mole'l_sec"1

Reaction (11) forms a basis for titration of nitrogen atoms in a number
of investigations. The main reaction of nitrogen atoms with hydro-
carbons is the production of HCN. The reaction of atomic nitrogen
with ethylene yields: 75% HNC, 10% C Hgs 3% C,E,,

Devhurst |L7] found NH3 in addition to the usual products in reaction

and 2% (CN)2'

with cyelic hydrocarbons. There is no evidence of hydrogen ab-
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straction in reactions with atomic nitrogen. The question whether
activated molecules and ions, e.g. Ng, Ng, play an important part
" in reactions with hydrocarbons is still not clear. The majo: type
of reaction seems to be the formation of the C=N bond.
Electrical discharge in air gives minor quantities of KO, which
inereases when traces of water vapour is preéent;

The reaction = 0 + NO, + G, + NO (fast)

O+ NO » N02 + hv

provides & method for determiration of atomic oxygen by titration.

The NO produced will react with some of the oxygen atoms to give a

yellow-green glow. The end point of titration is reached when the

glow is extinguished. i SR

Nitrogen produced from an electrical discharge |71] is a mix-
ture of molecular nitrogen in the normal state, excited moiecules
in the 32 state, activation energy 170 kcal nltrogen atoms in the
normal state and in the °p and °p witn excitation energies 54.5, 82 kecal
respectively. Thatgthere is a'cénsiderable concentration of nitrogen

atoms is supported by the absorption of light in the hOO-BOOR region.

3.L.5  Hydrogen

Hydrogen radicals are very important in tefmolécular reactions.
It is one of the most abundant intermediates and responsible for the
propagation in many chain reactions, It is readily formed in an
"electrical discharge and was first produced by Wood. The slow re-
éombination makes it possible to react the hydrogen atoms several cm
away from the discharge zone. The life time of H atoms at 0.1 torr
is about 1 second. More recently‘another way of producing H atoms
 has been develdped. By i1lumination éf a mixture of hydrogen and
mercury hydrogen atoms are produced by excited Hg atoms, rescnance

line 25373.
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One of the most studied reactions is the reaction with molecular
hydrogen.

H + H2 - H2 +H : {(12)

ki, = 5.10*% exp(~7500/R7) |emdmolelsec™?

b Hydrogen atoms normally react under hydrogen abstraction with
saturated hydrocarbons ér hydrogen.additibn‘with unsaturated hydro-—
carbons. Table 3.4 gives the rate constant for some hydrogen ab-
straction reaction. The ratelconstants for hydrogen addition‘to
unsaturated compound are given ‘in table 3.5.' The activation energy
is about T~9 kcal'pgr mole for hydrogen abstraction, whereas the 
addition apparently'takes.place vithout any activation energy at all.
Due to the complexify of the chemical reszction and the inherent
weakness of the kinetie theory it is yet not possible to prediet the
rate constants. Some attempts have been.made to correlate the‘
activation energy with the bond strength [19]. The activation
energy is often empirically expressed zs a fraction of the bond'
broken minus the bond formed. Tro tmathickenson gives an empirical
expression for the reaction

RH + CH3 > CHh + R

“Ea = 0.49|D(R-H) - 74.3| keel/mole
which is valid for saturated alkenes. For toluene the predicted
value is 4.8 kecal/mole (D(R-E) = 84 kcal/mole) which should be com-
pared with the experimental value of 8.3 keal/mole. So far the
prediction of activation energy has beeﬁ of little value unless
one can acqept an error of several magnitudes. The approach taken
in this report is to calculate average values for the different
group of reactions that oceurs. With oxygen the main resctions
are: '

H + 0, OH + 0 (13)



TABLE 3.4 HYDROGEN ABSTRACTION

10
Reaction togh Xeal mole™? e
cmdmole  lsec™! Temp. range
H o+ H, > Hy + H 13.7%, 13.5°| 7.5%, 6.2° k) 25-700°C
H+CH, X, +CH 10.5%, 23.6°| 6.6%, 12° k) 99-163
W+ CH, +H,6 +tCH 12.5%, 11.3°] 6.8%, 9 k) 80-163
2°6 2 " "2 "
H+ C3H8 > H, + C3H7 . - 9b -
H + 06H6 -+ H2 + C6H5 10.15 9.2 -
H + CeHCHy » Hy + CHy 11.17 8.3 -
CH, + CH, = CH, + CH, 11.5%, 11.8° 14,32, 14.65% a) 350-525
P! : a b -
CH31+lCEH6 > CHy + CHo | 11.3 1o.i > 10,4 .a) 25-340
CH, + C.Hy ~+ CH, + C.H, - 5.5 -
CH, + C H o~ CH, + C)H, 11.1%, 11° 8.3%, 8.3° |a) 25-340
CHy + Cgli, > CH, + CcHs )  10.15° 9.2% a) T0-340
) a -
CH, + CTHS > CH) + C.H, 11.17 8.3 a) T0-340

a) V. Kondrat'ev

"Chemical Kinetics of Cas Reactions”,

Pergamon Press, London 1964,

b) Z. Szabo "Advances in the Xinetics of homogeneous Gas Reactions',
Methuen & Co. Ltd, London 196k.

Miscelléneous
H o+ 0, > HO + 0 1k.5, 15.2% ) 17.5, 18.8% | a) 450-600
E +Cl, > HCy + Cl - 9.4 -

+ Hy + CH. - 6.8 -
C33 CH3CHO -+ Cﬂh .CHjCO
OH + H, > 1,0 + ¥ 10.0 1%.15 -

Keap = Arexp(~E/RT) em’molelsec 1
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+ . -
H+ 0, + M> HO, + M (1)

w
1

10 .
13 = 9.6+10 exp({-16200/RT) Jl.mcle‘lsec“lf

it

k), k. 3-10° |1.2mole™2sec™1]  (450-650°C)

In the presence of hydrocarbon there is an additional reaction
where active hydrogen is replaced with a consideradly 1eés active
radical.

H + RH > Hy + R ' (15)
kls(propane) = 3,6+10 %exp(~8300/RT) [1.mo1e~lsec™?|

Unlike oxygen and nitrogen there is no evidence to support the
existence of excited hydrogen molecules. The hydrogen atoms carry
too much energy to allow homogeneous recombination, without a third

body to remove the excess energy.

TABLE 3.5 HYDROGEN ADDITION

Reaction lologA Ea
em’mole sec™! keal mole™l
H+ CQHL -+ 02H5 13.5 L1
H + CgHg + CgH, : ';u.h -~ 5.0
H+ CH3 > CHh 0
I+ 02H5 - C2H6 ' 0
H + C6HSCH2'+ CelisCHy 0
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3.2 REACTIONS OF ORGANIC COMPOUNDS

Despite the intensive research during the last decade no
commercial plant or process has yet been built for organic syn-

thesis and few processes have reached the pilot plant stage. The

inhibiting factors seem to be high energy reguirement, low pressure

and difficulties of scaling—up.

.- Bo far it has not been possible to predict the products of the:
- different reactions in the discharge. However, certain character-—

‘istics can be recognized. Almost all reactions can be divided into

three groups, nemely, 1somerization or rearrangement, condensation
or polymerization.and elimination, The energy regquirement for rl
these groups are slightly diffe;ent. Elimination reguires the
highest eﬁergy - about 2-10 kWhr/ﬁnle. Isomerization requires

about 1-2 kWhr/ﬁole and polymerization or condensation about 0.5-1

kWhr/mole. Most of the knowledge comes from Cvetanovic |6L-69],

who investigéted the reaction of atomic oxygen in the 3? state with
different hydrocafbons, and from H. Suhr [31, 32], who_studied
reactions of hydrocarboné without oxygen. Pechuro |8| has reported
the reactions of alkanes and alkenes in arc and glow discharge.

Among.the syntheses attempted in a discharge are acetylene
from méthane, ammonis from hydrogen and nitrogen, hydrazine from
armonia, and hydrogenperoxide from hyérogen and oxygén.

At the present time there is no rate expression that will
include the electricai variable in a simple way. Most of the
results are presented as erpirical curves when it comes to reaction

rates and reaction yields,




3.2.1 Isomerization

Rearrangement in an electrical discharge takes place even
under wvery mild conditions. A typical resuit is the change in
position ofrsubstituted groups in organic compounds. Table 3.6
gives the yields and the products for a number of rearrangement
reactions in a discharge. [32]. In the isoﬁerization of anisole
it.was found that the electric variables had little influence on
~the ratio of ortho to para cresol. ﬁowever, as the energy.was
increased more phenol was produced until at high energy, vhenol
was the major product; Minor traces of m—creéol, benzepe, tolu-
ene and cyclo pentadierewas also reported. The reaction of other
aryl ethers are similar to anisole., If the crtho and para position
is reservéd by other groups it was found that the migrating group
often was eliminated to yield the corresponding phenol. Ethyl-
vinylether.was found to yield butenylaleochol and vinyl alcchol,
The corresponding amines show similar patierns to the ethers. The

reaction products from N,N-dimethylaniline are shown below:

__CHs
CHs NHCHs5 (0.2)

\-'“-N/ —e H..,C—QNHCH-v (0.15)
NCH S 2
A .
- & S-NHCHz .3
Other types of rearrangement in eiectripal discharges are
aromatic ring closure and_dearomatisation by ring opening. Cy-~

cloheptatriene isomerizes to yield toluene. Pyrolle gives

erotononitrile, A few examples are shown below:
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CHs

QOH (o)
OCHs

4 > HSCOH (0.27)
Anisole : ‘
& S04 0

- PABLE 3.6 REARRANGEMENTS OF ORGANIC COMPOUNDS

Compound Products (selectivity) Lield
7 g/kWhr
Anisole o-cresol {0.44), p-oresol (0.27) 50
Phenylisc— ' o-isopropylether (0.36)} 25
propylether ‘ ‘
p~isopropylether (0.22)
p~Tolylmethyl- 2,h—dimethyl§henol (0.59) ‘ 58
gther
1-Naphthylmethyl- | 2-methyl-i-naphtiol (0.51) ' 55
ether
A Lemethyl-l-nephiipl (0.31)
2~Naphthylmethyl- | l-methyl-2~naphtpl (O.4T) 58
ether
Diphenylether 2-phenylphenol (0.53) : 180
4-phenylphenol (0.18)
N, N-Dimethyl- ' N—méthyl—o—toluidine (0.28) ' 23
aniline ‘
N-methyl-p-toluidine (0.15)
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' Table 3.7 gives the rate of reaction for some rearrangements.
For reactions with normal frequency factor it is often found that
Ea is about LO keal/mole. For the pseudo first order cis-trans

isomerization no such value can be determined.

- . . TABLE 3.7 ISOMERIZATION REACTICNS

. 10

logh E
Reaction cm3mole-lsec_l keal mole_l
e-butene - 1,3 butadiene 13.08 | 32.50
l-methyleyclobutene . 13.9 35.lb
vinyleyelopropane - 13.5 149.6b
1,l~dimethyleyclopropane| 15.05 62.6b
2,1,0-bicyclopentane 14,58 h6.6?
CH,NC * CH,CN | 13.6 38.4°
4
CEHSNC > QEHSCN 13.8 38.2
: c
Cyclo~03H6 - C3H6 15.h 65.6
c
Cyclo—CH303H5 > CHg 15.5 65.0
Cyclo-CyHg > C)Hg ' ©13.4 32.7°
o]
>
chH7002H3 05H9c30 11.2 29.1
PSEUDO FIRST ORDER REACTIONS
lOlogA Ea
Reaction sec_l kcal mole-l
. ' b
tr-CED=CED 12.5 61.3
eis=CH CH=CHCH, 13.7 | 62.8°
. _ b
cis C6H,).CH-—CHC6H5 12.8 42,8
b) rer. (19) c) ref. (2)

ko




3.2.2 Polymerization

The most common type of polymerization is the hydrogen ab-
straction giving rise to dimerization. The reaction is bimolecular,
e.g.

R* +R° >R - R
Another type of reaction comes from benzylhalogenes or benzyl—
alcohols which upon condensation yield l,2-diarylethane.  Acetylene
yields vinylacetylene, diacetylene, SEnzene and cupreﬁe. Ir
the surface to volume retio is high (heterogeneous reaction?), it
is possible to isolate the inte;mediates. The following products

were then obtained from acetylene.

Compound %
styrene : 30-T0 .

phenylacetylene .15-50

c-octatetraene ‘ 1
benzene 5-10
+ naphthalene 10-20

Apart from polymerization of styrene and butadiene, ete. it is
possible to polymerize stable compounds 1ike benzene +o yield a
ﬁolymer, probably "polyphenyl" |h9], under certain circumstances,

Dimerization of a few organic compounds are shown in table 3.8 |32
Aromatic nitrogen compounds like pjrrole, pyridine and aniline.
react to give unsaturated nitriles, which easily polymerize in a
discherge. Polymerization also forms an important part in the
many reactions in electrical discharges, where tary substances
have been found. Cvetanovic.reports formation of a tary substance

in the oxidation of toluene with atomic oxygen.
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TABLE 3.8 DIMERIZATION OF AROMATIC COMPOUNDS

Compound Product (selectivity) Yield g/kWhr
Benzene diphenyl (0.40) 45
Toluene dibenzyl (0.90) 8
p~Xylene dixylyl (0.90) 70
Durene digurene (0.77) 43
isopropylbenzene 2,3~diphenylbutane (-} 34
t-butylbenzene 2,3~dimethyl-2,3- 38

‘ ‘ dirhenylbutans
1-Methylnaphthalene 1,2~di(1l-naphthyl)ethane | 129
' o (0.49) '
p-Methylbenzoenitrile | 1,2~di{4-cyano-phenyl)- 170

' ‘ ethane (0.90)

' 3.2.3  Elimination -

The elimination of the migrating group in the rearrangement

resction under high energy dissipation has been described pre-

viously. Other typés of group often eliminated in discharges are

hydrogen {(hydrogen abstraction 3.1.5),carbon monoxide, carbon di-

oxide and nitrogen. Isocyanates lose carbonmonoxide to give a

rnitrogen complex that decomposes to amines and azo compounds, e.g.

phenylisocyanate gives azobenzene and diphenylamine.

QNCO-—-&- Q

phenyl-isocyanate

<2>-N N-L Y (0.50)

OO

Other groups that eliminate carbonyl are aldehydes and ketones

{table 3.9). Benzaldehyde gives benzene znd biphenyl. The radical




thet is created after carbonyl abstraction is stabilized through
hydrogen abstraction or dimerization. Phenols also lose carbon-
monoxide under ring fracture. In this way we obtain cyclopentadiene

from phenol, methyicyclopentadienefrom cresols. Naphthol gives

indene.

OH

2-Nephtipl B 1-Naphtol
Carboxylic acids react under carbondioxide sbstraction to yield
the correéponding hydrocarton. Anhydridés eliminate first carbonyl
and thereafter carbondioxide. Concerning eéters”the picturé is

more'diffuse, but hydrocarbon is a usual product.

TABLE 3.9 CARBONYLAESTRACTION

Compound Product (selectivity) { Yield {(g/kWhr)
Benzaldehyde < { benzene (0.81) 93
"1 biphenyl (0.16} 18
Thiophencarbaldehyde thiophen {0.99) 24
Benzophenone biphenyl (0.27) . 18
fluorencone (0.36) 2k
biphenylene (0.36) .2k
2-Pyridinecarbaldehyde | pyridine {0.70) -
: : 2,2-bipyridyle (0.2) -
Benzil { biphenyl (0.98) 27
Fluorenone ‘ biphenylene (0.99)} L3
Campher .| trimethyleyeclo- | 24

2,1,1,hexane (0.76)

52



From table 3.10 and appendix 1,10 ve see that groups like
carbonyl and N2 have very high bond energies. Also the activation
energy for elimination is higher than for polymerization and iso-

merization reactions.

TABLE 3.10 ELIMINATION REACTIONS

Reaction 31010%3- -1 B
em mole Tsec keal /mole
CH, + CHy + H R 102
C Hg ~ 2CH, 17.0 8
CjHg * CHy + CoHy ‘ 8Y4
o ity + Cofiy 17.0° 8P
€t > CHy  +H 13.8 | 39.5%
n-C.H, * C.Hy +H w6 38°
n-C.H, + C H, +'CH3 8.0 . 19
i-Cgliy > CHg +H | 14.4° 38°
1-CoH, > CoH, ¥ CH, . | 26
n=CyHy > CyHg + H 40
C\Hy > CglHg + CHy 2.1 27
C Hy * C,H), + C,H, 11.2 22%
MISCELLANEOUS
CH,CO - CH, + CO 13.5
(cooa)é—+ HCOCH + €O, 11.9 30,0
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CHAPTER FOUR
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CHAPTER &4

REACTIONS OF TOLUENE AND OXYGEN

This sectioh‘contains & survey of homogeneous gas phase reaction,
catalytic oxidation of toluene and reactions of toluene in an elec-
tric?l discharge without oxygen. |

The therﬁal oxidation of toluene starts at about 30000, but
some catalysts may.operate at.temperatures below lSOOC.- There appears
4o be some contradiction about the reaction products. The main pro-
ducts are bénzaldehyde and benzoic acid. Since oxidaﬁion‘of toluene .
is highly exothermic it is difficult to obtain high conversion
‘Without producing carbon oxides, the wultimate oxidation products,

- thereby reducing yield. One must beér in mind that prior to 1960 ’
the analytical methods were not sufficiegtly advanéed to cope with
analysis of hydrocarbon isomers for conversions below 1%. It was
not until the pgaschromathograph and the mass spectrometer were intro-
duced that positive:identifications could be done in a routine way.
This &oes not imply that zll the analysis performed prior to this
approximate date are in error.

Some authors have investigated the reaction kinefics for the
oxidation of toluene., The expressions fitted are mostly of pseudo-
first order. This approach is probably well-founded when we have
-low conversions aﬁd excess of either oxygen or toluene. At higher
‘conversions these rate exﬁressions are likely to break down, since
toluene and oxygen can react with the products to give more compli--

cated reactions.
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4.1 HOMOGENEQUS OXIDATION OF TOLUENE IN GAS PHASE

| The knowledée on homogeneous oxidation of toluene is not wvery
éxtensive. Norrish and Taylor |74] studied the cool flames from
oxidation of toluene and ethylbenzene at low température. 'A'faint

_ gloﬁ.was observed in both cases. The IR spectrunm waé photographed
and showﬁ to be similer to that of_flgorescenf formaldehyde. The

nature of the cool flame was censidered to include the reaction

CHSO + OH - HCHO¥ + H2O

. The main products from oxidation of toluene were benzaldehyde and

benzoic acid. A diagram showing the ipgnition of toluene is included

below.
EQOD . T .a 5 7 .I
. Lgniticn
//,_\
, l/ Cosl flames

400’ ' - S | i
3e5°1 1 ! ! 1 1 J
D 120 . 250 LD 480 68 mmHg

Fig, 4.1 Ignitien of toluene/oxygen L:1 ratio’

Krdger and Bigorajski |36| investigated the slow oxidation of
aromatics in a bateh reaction. The oxidation conditions for toluene
= o = = ti
were T = 415°C, PCTH8 50 torr and P02 450 torr. The reaction
was stopped after the pressure had increased 20 torr. The major pro-

ducts reported were benzene, benzaldehyde, carbon dioxide, carbon
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monoxide, water and condensation products;

Burgoyne ITB[ studied the progressive oxidation of benzene
and its monoalkyl derivatives. The products obtained from toluene
were benzylalcohol, benzsldehyde, berzoic acid, phenols and oiides
of carbon. Trace; of peroxides, ethylene, acetylene, paraffins
and hydrecgen were also detected. The phenols consisted of di—
hydroxy—dﬂrlvatlves of toluene altbouyh eresols were undoubtedly
present in minor amounts. The results are tabulated in table L.l

for a mlxturu of 325 mm Hz toluene and 325 mm Hg of oxygen at h08 C._

Minor amounts of ethylene (0.9 torr) hydrogen (1 l) and methane .

(0.2) were also found.

Time (min) 11. 2 .- 50
Conversion 0,% 3 I ¢ 100
€0, ‘(torr) ' 25 - 60 : 80
co Ly 116 ' 151
c6H5cde N 3 g on
‘06H50HO o i5 1k 12
CgligCH,OH 15 13 12
C6H3CH3(OH)2 13 27 31

Table 4,1 Oxidation of toluene at 408°C

Burgoyne, Tang and Newitt |72| investigated the slow comﬁust—'
ion of toluene at elevated pressures. The following products at .
8 atm in a 4,37 mixture of toluene in zir at 400°C were obtained:
benzyl aicohol benzoic acid, benzaldehyde, dihydroxybenzene,
forraldehyde carbon dioxide, carbon noncxide and water. The ig-

nition temperatures of toluene air mixtures were also reported.




The effect of the ratid of toluene to oxygen were studied by
Burgoyne and Newitt |81]|. In addition to the previous major reaction
products {benzylaleohol, benzaldehyde, benzoic acid and 2,4~
dihydroxjbenzene )}, they found traces of formaldehyde, bibenzyl;
benzene, p-cresol and salic&lic acid. The non-condensable gases
‘obtained contained up to 1% methane, The product aistribution at’

various toluene to oxygen ratios is shown in table 4.2

Rati L Yole?
atio Temp (OC)
toluene/oxygen 7 PhCH,,0H | PhCHO { PhCOOH 2,4-DHB co, |CO
30 337 | 6.2 (50.5 |16.3 | 9.9 |5.25.4
20 276 5.9 {36.1 | 12.1 | 14.7 3.0(L. 4
3.7 250 2.8 l21.9 | 26.2 | 6.1 lit.916.0
1.0 250 0.7 | 3.0 |59.3| 7.1 [25.8(3.8

Table 4.2 . Various toluene/oxypen mixtures at 20 atm.

Frem the above reéults of Burgoyne it seems that homogenecus
oxidation of toluene proceeds in three ways: as a result of (i)
oxidation of side chain, (2) oxidation of aromatic nucleus of (3}
oxidation from the rupture of the ring itself. Thus benzylalcohol,
benzaldehjde and benzoic acid are formed by oxidation of the side
chain, E,M—dihydroijeniene and p-cresol result from oxidation of
the aromatic ring. Cargon monoxide and carbon dioxide are formed

from the rupture of the aromatic ring.
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4.2 HETEROGENEOUS OXTDATION CF TOLUENE

In comparisen to the homogeneous oxidation we find that more
publications have been produced on the catalytic oxidation of
toluene. One of the most emplored catalystslis vanadium pentoxide;
Studies have been done with enrichment of ox&gen isotopes in the
cafalyst. No 018 yas found when naphthalene was oxidi#ed in the
presence of 018 labéllgd vanadium catalyst. This result leads to
the conclusion that cétalytic oxidation does not involve 1attice

OXygen via reduction—oxidatipn mechanism of the catalyst. Dmuchov-

sky [39| postulated two independent paths of oxygen attack on the.
benzene ring, one leading directly to oxides of carbon and the other
to maleic enhydride. The two modes of attacking are the 1,2 addit-

ion and the 1,% addition es shown below.

(a)

Structure {a) has the.lowest energy because of conjugated
double bonds and leads to carbon oxides, while structure (b)'lgads
to p-bensoguincne and maleic acid. This mode of attack is ascribed
to the singlet state of oxygen. The transition of triplet ground
state to singlet requires about 23 keal, or leV, and is usually
accomplished by sensiagtion from other molecules in excited state,

which themselves upon collision undergo deactivatioen.

4.2,1  Vanadium pentoxide

Kumer [35] used a continucus flow reactor for the oxidation of

toluene. The reaction rates were caleculated aSsuming an ideal plug

in consecutive steps. The activation energy for the rate determin-
ing step was 29 kecal/mole. The following reaction mechanism was

reported.
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k : k

1 2
Toluene - Benzaldehyde - Benzole acid
co - Maleic acid <« Benzoguinone

2

From the kinetic enalysis it was concluded that the rate
detérmining step was the oxidation of toluene to benzaldehyde,
since this step has the lowest rate constant. Tt is interesting
 to compare the activation energy of the rate determining reaction
with that of singlet to triplet transition for oxygen (23 keall.

Dovnie |37] invéstigated the oxidation of toluene in a fixed
bed reactor at low conversions at temperatures from 300 to 35000.
The rate data in this case were correlated by a model of Hins hel-
waod llé‘. It was concluded that the data wvere well fitted to this
expression. The samples were analysed by spectrophotometry and_by
potentiometric titration, The observed products were benzalﬁenyde,.
p-benzoguinone, benéoic acld and maleié anhydride; Table 4.3 shows

the selectivity from a run at low conversion., The activation

energy was found to be 29 keal/mole.

¥

selectivity

Compeound mole per cent
Benzaldehyde - 86
p—Benzaqﬁinené 7
" Benzoic acid -k
Maleic anhydride 3

Table 4.3 Selectivity on V,0. catalyst

The values reported by Downie are in good agreement with the values
reported by Kumar,

Somewhat different results were reported by Pichler and
Obenaus ITTI, who found besides benzaldéhyde, benzoic acid angd

mzleic anhydride, major amounts of citraconic acid, and smeller

60




amounts of acetic acid, o-cresol, phinlic anhydride and anthra-
quirone. " No traces of formaldehyde or phenol were found. Ssuworow
|79} in en attempt to cover all reported oxidetion products
sugéested the followins reaction scheme.

o . ~HERD
Ph CHg ——s PhUOH ——2PhOH — p- ColiuDy —=MSA —CSA

A 3
'- o |-co, \
v |

- -C
PhCHO —-PRC 00w 22240000 2oas

4.2.2  Ceric Molybdate catalyst

Kumar |35] investigated the kinetics for oxidation of toluene
_with Cerie molybdate catalyst, using a fluidizegd catalyst bed. The
same method of analysis of the kinetic dnta as for vanaditm pent -

oxide was employed. The reaction steps are:
5 ky k3

Toluene - Benzaldehyde = Benzoie acid - 002
The reaction path in this case is different from that of vanadium
rentoxide, This can be interpreted as a preference for structure {(a)
(see section 4.2) in the addition of oxygen‘to the benzene ring,
thus favouring the conjugated double bond structure. However, the
reported activation enerpgy is lower than the triplet to singlet

state transition (19.7 kcal/mole).

4.,2.3  Tin Vensdate catalyst

For the catalytic oxidation of toluene over a fluidized bed
Kumar |35] reported the following reaction steps.

kl k2 k3

Toluene =+ Benzaldehjde ~» Benzoic aeid - €O,

Sasayama |78[ found that 47% of the converted toluene reacted to
form maleic anhydride. Maxted IBOI found for the same catalyst

33-L43% benzoic acia.
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REACTIONS OF TOLUEKE WITH ATOMIC OXYGEN

Thg rezction of toluene with atomie oxygeﬁ produced by photo-
sensitized decomposition of nitrous oxide was studied by Jones and
Cvetanovic !33}. The activation energy was estimated to about
L kca}/mole. fhe rate of atomic oxygen consumed could be measured
from the nitrogen liberated. Between 15 and 20% of the oxygen stoms
reacted ﬁere recovered as.cresols, wafef corresponded to about T%. |
Carbonmonoxi@e vas measured by oxidation over a copperoxide-bed and
analysi;g the carbondioxide formed. The major product was a low
volatile poiymer. Cresols and carbonmonoxide were also formed in
measurabdle éuantities. Ng trace of dibenzyl was found from gas-—
chramatographic analysis, The'relative amcunts of the eresol
ié§mers were 4-5% meta~cresol, 26425%'para—cresol and T0-75% ortho-
cresol. The interesting thing about this report is that there is

no sign of the ordinary hydrogen abstraction, which‘would be ex-

gected from this type of reaction. HNo recombination of radicals

. was detecfed and only 7% of the reacted oxygen atom did form water.

Thus we must conclude that the primary step is an additien of

oxygen atoms to the aromatic ring.

REACTIONS OF TOLUENE IN A DISCHARGE

Kraaijveld and Vaterman |30| investigated the chemical effect
of an electricel discharge in toluene. At low flow rates the major
product was & polymer and at high flow rates they obtained bibenzyl
as the main product. At a conversion of 20% they obtained 35%
eracking products, 35% bibenzyl and 30% polymer. At the 40% con-
version they reported 30% cracking vroducts, 24% bibenzyl and L6%
polymer. The energy yield was 20-30 g/kWhr.

Streitwieser and Ward |29] studied the reaction of toluene in

Helium/toluene mixtures in a microwave discharge. The volatile
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fraction ccntaining about 84% toluene had the following ccmposition:
L9% benzene, 30%ethylbenzene, 9% cracking products, 8% phenylacety-
lene, 3% styrene. The use of argon as a carrier gas in the dischargé
did not affect the results, whereas hydrogen and methane reduced the
tar content belowll%. Experiments with labelled deuterium in the
methyl group of toluene showed that msstyof the deuterium ended up
in the ethyl group of the ethylbenzene. The aufﬁors suggested the
formation of an intermediate aniocn by'electron‘éapture as a possible
mechanism,

Tais result is in contradictibn to previous investigations
which assﬁme a dominance of radiéals in the discharge. Dinan et sl

[75] showed that free radicals are the deminant species in a 28 Maz

radiofrequency discharge. The followiﬁg condensable products were
ocbtained from toluene: 35% beﬁzene, hO%-ethylbenzene, 16% bibenzyl,
7% &ivhenylmethane and 2% bviphenyl. No change in the composition
was observed wheﬁ helium was used as carrier gas. This demonstrates
the differénce between the different types of discharges (Kraaijveld'g
3 KMHz microwave dischargé and Dinan's 28 Mhz radiofrequency dis-
charge). | |
Experiments with labelled deuterictoluene provided further
support fof formation.of radicals. It was found that the label }e-
meins localized in the side chain of the benzylradical and not dis-
tributed throughout the ring. If the tropylium radical was formed
we would expecf to find a uniform distribution of deuterium label.
Additional experiments,were‘conducted‘with iodine and toluene.
The absenée of bibenzyl, bivhenyl and diphenylmethane together with
the iodine compounds found stroﬁgly support the existence of free
radicals in the discharge., Table L.4 shows the condensable products

found from iodine and toluene vapour in a 28 Mz rf-discharge.




Compound

-~
&

Benzyliodide L7
Iodobenzene - 1k
Ethylbenzerne 11
Benzene 13
Methﬁiodide 6
. Unidentified 9

Table L.} Condensable products from iodine and toluene

Preliminary studies of the polymeric material formed indicates
a different mechanism from that which leads to formation of condens-
able products. The polyﬁers appear to be low molecular weight
substituted polystyrene. Hay |76| investigated the polymerization
of a number of organic compbunas in nitrogen mixtures ir a corona
digcharge. Infra-red specira ﬁf toluene, benzeﬁe and styrene were
all siﬁiiar. Wnhen compared to conventional polystyrene they showed
the same sirong absorbance but differences were observed in the

region 850-1400 em

+ Tt was found that halogéns and haleogenated
compounds when added to styrene had the reversed effect upon the

" yield. Bromine reacted to produce the largest yield of all ad-
.ditivesf The author suggests that ﬁqumerization does not take

place through the vinyl-mechanism, but rather through an ionic or

free radical mechenism.
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CHAPTER 5

EXPERIMENTS IN A BATCH REACTOR

Preliminary runs were nsde in a batch reactor with the intehtion-
of studying thé conditions under which the discharge takes place.
Although no atterpt was made to record the electrical variables in
theée experiments some valuable results wefe in fact obtained. Igni-
tion inside the reactor vessel occurred in a few cases, but as the

soft glass walls were puncturéd the reaction ceased. The ignition

vas seen as a light flash and efter dismant 1ling carbon deposits
were found on the reactor walls. |

The punctufing of the soft pyrex wall was a serious problem in
these earlier experiments; Furthermore, it was found that the elec-
trodes d1d not make good confact with the-reactor wails, but rather
_poin£ contacts were obtained with very highrelectric fields,.figure
S.i. It was also observed that the thermal reaction was negligibl¢
below 300°C for spébe times less than a few minutes.

Mezsurements of the temperature profile in the oven (home built)”“"
revealed a very large temperature gradient~across the reactor. .The
temperature nmeasured at 300°C was about 30-50°¢C lower at the feacfof

ends than in the middle.:

5.1 EXPERIMENTAL PROCEDURE

~ The reactor was charged with .30 cc toluene using a 1 cc
syringe, and fhen evacuuated. Oxygen was let in to the reactor,
which was subjected to further evacuuations to remove any nitrogen
present. After repeating this procedure five times the final oxygzen
pressure was measured vwith a manometer {(figure 5.3).
Tre reactor was then placed in the oven with a tep dipping into

a thermostated water bath and the electrical connections were fitted
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Figure 5.1l.a Batch reactor Figure 5.1.b

Close—up of a puncture
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on a gas chromatograph.

The high voltege was obtained from two air cooled high voltage
transformers each giving about 5 kV. Freguent problems with insula-

tion breakdown both inside and outside the transformer cage were en-
countered. The reactor electrodes consisted of brass strips around
the cylindrical reactor walls. The outer electrode often fell down
when the reactor was placed in the oven. Unsuccessful attempts were
made with soldering but in the end the only way to hold the electrodes
strings around the strap.
The qualitative and quantitative analysis is described in

section T. Although cresols can be seen in the chromatograms they

were not identified at this early stage and therefore included in

Since the electrical variables were not recorded it was not
possible to study their influence upon the reaction rate. Repro-
ducibility of the experiments was poor, partly due to temperature
variations and partly due to poor control over the electrical vari-
ables.

However, some qualitative conclusions can be found from these
preliminary runs. The first and also the most important result is
that the reaction rate is greatly increased in the presence of an
electrical discharge. Secondly, the capacitive discharge gives a

4+

very mild attack on the toluene molecule. The analysis reveals that

13

A 23 : .
the side chain 1

more readily reacted under the conditions employed.

w




summary ol all experiments 1s presented 1n appendix lll.
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For a closed vessel the dispersion number is found from the

variance according to Levenspiel [12].
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The value of the reactor dispersion number, obtained throu

iteration, is

&
(fl-T—) = 0.01656

T the dispersion number tells us that we have a
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fairly small dispersion in our vessel. The effect of the dispersion
number upon reactor size for a given conversion has been solved for

a first order reaction by Wehner and Wilhelm (1956). For
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similar reactors may therefore have different breakdown voltages.

Figure 6.3 shows the Paschen curves for oxygen in a silica reactor
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6.3.1 Measurement of the capacitive current

Measurement of the capacitive current presents no problem.

«circuit used for the first experiments is shown Delow.
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Figure 6.4 Measuring circuit for cepscitive current

A photograph of the capacitive current and the voltage taken

of air at atmospheric pressure in the pyrex reactor as measured on

an oscilloscope is shown in figure 6.11.

calculated and measured current is presented in table 6.2.

calculated current is based upon equation 6.6.

A comparison between

The

— b ~
Time (m sec.) | Reactor voltage (vols) ic(calc.) ic(meas.)l
0 0 +0,11 +0,12
2 1600 +0.09 +0.10
L 2700 +0.03 +0.0k
6 2700 -0.03. | -0.03
8 1600 -0.09 -0.06
10 0 -0.11 -0.12
12 -1600 -0.09 =l
14 -2700 -0.03 -0.0k4
16 -2700 +0.03 +0.02
18 -1600 +0.09 +0.06
20 0 | +0.11 +0.11

Table 6.2 Capecitive reactor current
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value of R = 20 kOhm. The second problem was overcome by introdu-—

cing an RCL-filter. This filtered out the capacitive currvent and
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the remeining current was rectified and measured with a d.c.
amperemeter.
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photographs 1s described ly below. By measuring the volteage

across the capacitor on an oscilloscope we can measure the charge
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CHAPTER T

PRODUCT ANALYSIS

One of the simplest and most efficient methods of gualitative
and quantitative analysis is that of gaschromatography.|7]

Cﬁromatography is 5 physical sepafation based upon a difference
in distribution between two phases, one of ﬁhich is stationary and
the other mobile. The gas chromatégraph‘emﬁloyes a carrier gas

(mobile phase) under pressure to transfer a vapour sample from the

injection port through & stationary phase (column), where separatioﬁ
takes pléce,'to ; detector where the components are‘recorded as they
come out. :

The gas chromatograph used in these expériments was a PYE-10k,
Thé first bbjectiVe was to find a colwm tﬂat would separate all
components in the sample. We started by tfying some pelar columns
(Carbowai 20 M, polyethyleneglycol) and some non polar dolumns
(SE-30, Apiezon L). The most suitable column {giving the most
number of peaks and best seﬁaration) was Apiezon L (APL). The
Lseparation is shown in figure 7.1.

For the analysis of the bateh reactor experiments wé used an
APL column operating at lTSOC. A hot wire deteétér was used with

" helium aé carrier gas. The quantitative analysis was based on ex-
ternzl standards measuring peak heights.

For the analysis of the fiow reactor experiments we used the
same APL column operating at 160°C. A flame ionization detector (FID)
was used with nitrogen as caerrier gas. The quantitative analysis vas
based on internal standards using an electronic integrator to measure

peak areas.
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7.1 QUALITATIVE ANALYSIS

Although it is fairly easy to verify the composition of known

sufficient for completely unknown samples. To make a positive identi-
ficatibn of the unknown products oné must vhtilize other instrumental

~ or cheﬁical methods like infrared aﬁsoprtion (IR}, Wtraviolet ab~
;scrption (UV)}, nuclear magnetic resomance (MMR), mass spectrometry
(MS) and soclubility properties. The proﬁlem with most of these
methods is to obtain a fairly pure sample of the component for fhe

analysis,

~

T.1.1 Gas chrométegraphy

|
I
|
|
I
or probable mixtures by gas chromatography, it is in itself not ,
The only parameter available for identification of unknown com-~
pouﬁds is the retention time, the time elapsed between injection.and
appeérance of the peak on the recorder. This time is usually called
the absolute retention time. It is made up in two parts, the time
taken for the carrier gas to flow from the injection point to the de-
tector, and the time taken for the sample to reach the detector, due
to its retardation by the stationary phase in the column. The first
of these times is called the "dead time", and is a characteristic of |
the particular instrument and cclumn in use. The difference between I
the absolute retention time {ART) and the dead time is called the I
cérrected retention time (CRT). It is a characteristic for a given i
compound at a specific combination‘of oven temperature, column, liguid
phase, carrier gas flow rate,-etc."Because of this sensitivity on
many parameters, the CRT'is difficult to re?foduce.
To overcome this difficulty, a concept called relative retention
time was introduced. This is the ratio of the cérrected retention

time of the peak in questicn to that of some reference peak in the

chromatogram., This reference may be present in the sanple or it may
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be added to the sample,
This freedom'of'choosing the refereﬁce substance causes problems,
Whén we want to.find'data.from the literature. To overcoﬁe this
problem Kovits introduced a étandard set of reference Substances for
,ali:éamples. The set chosen is the normsl paraffin s.
The index is defined as
.( log R, - 16g R,

I = 1009xn. + Z
(log R o, ™ lqg.Rz)

where n is the difference in carbon atoms in the paraffin s
R_ is the corrected rctention time of the normal slksne C H .
z _ : ‘ : z 2z+2
Thus n-hexane has an index of 600, n~heptane 700, etec. The
iﬁdex will depend on the column used and on the column temperature.
The advantage with Kovats indices is that data can be transferred.

The Kovéts indices obbained on Apiszon I at 160°C for the reaction

products is shown in teble 7.1.

Compound : | Index
Benzene | 61T
Phenol .. 1004
Benzaldehyde .\thE
Benzyl alcohol 1125
m-Cresol 1171
p—Cresol 1169
o~Cresol 1140
Benzoilc acid 1336
p-Benzoeguinone 1422

Table 7.1 Kovits irndices for the reaction products
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7:1.2 Produect identification on GC

The identification was made by mixing the suspected component
%ith the sanple., An increaée of the suspected peak was taken as a
proof of identification. Figures 7.2 to T.9 shov the chromatograns
?ecofded from this identification. It was found that two peaks
were compesite pesks. Thus benzyl alcohol and o—cresoi did not
separate and sinilarly ﬁ—cresol and p—c:esol both had the same re-
tention time. By using temperature programming we were able to
resolve benzyl alcchol from o-cresol, but not the meta ahd para
isomers of cresol.

We also made use of the solubility properties of the com-

TI Phencl, cresol and benzole acid are soluble in a strong

ponents,
base as they are weak acids., The procedure was to shaké 5 cc 6f the
sample with 5 ce 2-N NaOH. The water phase and the toluene pﬁgse'
were separated. The water phase w@s reacidifled with HC1 and the
organic components extracted with ether. Figures 7.10 to 7.13 éhow
the results from these runs. The phenols come cut in the right
places on the chfomatogram, figure T7.13. Benzaldehyde ﬁnd benzyl
alcohol are not soluble in NaOH and are found in the toluene phase,
figure 7.12. These runs support the previcus results based upon

retention times.

T.l..3 Prcduct identification on TR

Because of the low conversion in our experiments, we were not

able to prepare samples of the individual components. This made our

task much more difficult, since we could not identify the individual
IR spectra of the components. To overcome this problem we made up
standards of the feed plus the suspected components and compared the
IR-spectra of-these mixtures with the sample from run number 55.

Appendix 4 shows the IR spectra of these sﬁandards. Comparing
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sample 55 with the feed we found new peasks at wavenumbers 3580,
354C, 1710, 1285, 1205 1170 and 830. The sfan&ard containing
benzaldehyde (L:3) gaQe the following peaks: 1710, 1260, 1205, 1170
and 830. We alsoc found that the following peaks had increased in
height: 1740, 1260, 970 and 935. The cresols gave peaks at 1285,
3580 end 3540; so did benzyl alcohol. |

At this stage we found that ro further information could be
'extracﬁed ffom the graphs, since the patﬁern of the sample was
matching the prepared standards.

Summerising our results we are confident that benzaldehyde is
present in the sample and smaller amounts of cresol and/or benzyl
alcohol are also present, Benzene may be present but we had.no

r

means of proving that it was.

7.1.4 Product identification of MS

The mass spectrograph i1s an extremely sénsitive instrument for
qualitative anslysis. ‘This gave us am opportunity to detect the trace
~ elements present in our sapmple. The first run was made by iﬁtroducing
sarmple 13 into the mass spectrograph; The results are seen in figure
7.1%, The following products were identified, using Massot's
compilation of mass spectral data]lol: phenol, banzaldéhyde, eresol
and/or benzyl alcohol, and benzoie acid. Traces were found of
naphtfalene (m/e = 128,129), diphenylethane (m/e = 182,183,91), maleic
acid? tm/e = 115), methyl nephialene? (m/e = 1h41) and benzyl bénzoaie?

{m/e = 212,211). |

A second run ﬁas made using a gaschromatograph/MS interface.

An attempt was made to detect the products as they were separated
on the APL-column. The individusl peaks from the gaschromatograph

were not resolved in the M3, but some sepération was obtained. The
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“second run of sample 13 showed the presence of benzene, phenol,

benzaldehyde, crescl andfor benzyl alcohol, and benzoic acid.

‘Traces of naphffalene, methylnaphinlene and citraconic acid? (m/e =

130) were also detected.

- We wish to thank Mr Kumar for preparation of the experiments

 and for analysis of the samples. A special thanks also to

7.2

Dr. Heaney, Departmen®t of Chémistry, Loughborough University of

Technology, for allowing us to use the mass spectrometer,

QUANTITATIVE ANALYSTS

In the previous section we descrived a number of instrumental
methods for qﬁaiiﬁative analysis. When we come to quantitative
analysis we find that the only method suitable for measuring the
concentration is the_gaschromatographic apalysis.

In this section we give a brief description of the use of

external and internal standerds.

7.2.1 External standérds

One of the methods of;quantitative analysis 1s the metﬁod of
external standards. The standards are prepared by mixing the
substance we are interested in with a solvent to meke up solutions
of known concentrations. TFrom tﬁese standards a calibration curve
is prepared, which shows the concentration versus the response of
the instrument. By measuring the response of the unknown sample,
the concentration may be found from the calibration chart. This
method was employed in the anzlysis of the producis from the batch
reactor experiments. The response was measured in form of peak
heights. |

The method of external standard has some drawbacké. For-

instance, the injected sample size must be exact and the calibration
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must frequently be checked, to ensure that no drift has occurred.
The last problem is not a great restriction for the hot wire

detector, but for ithe FID detector it is a severe.problem.

T7.2.2 Internal standards

The internal standard method avoids the problem of having the
stondard and the sample run at different times, with separate in-
jections.' Again, we prepare a calibration mixture containing known
.amoﬁnts of our components plus an added component, whichris not
present in our sample. From this mixture we éan determine the
relative respénse factor. The procedure is as follows. Tach area
is divided by the concentration of the component. This will give
us the response factor. The relative response factor is obtained
by dividing the response. factor of the components with that of the
internal standard. The internal standaré used in the flow reactor
_ expériments was n-ncnane. The advantage with the internal standard
is that the sample of unknowns and the standard are run together iﬁ
the séme injection. Changes in sample size are no longer impertent.
The procedure of evaluating the relative amounts of the components
is deécribea below. The first step is to divide the area of cach
peak with the relative response factors. This compensates for the
non-uniformity of the detec%or. The next step is to divide the-
corrected area with that of the internal standard. This will give
us the relative amcunts. To obtain the absolute amounts we multiply
each of the relative amounts, previcusly obtained, by the amount of

the internal standard.

7.2.3 .Analysis of the gas phase

The gas phase was analysed on a separate PYE-~104 gas chromato—

graph, using a catharometer detector (hot wire detector). The
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sample sizé wasllO ce ot system pressure and ambient temperature.
Two columns were employed, mclecuiar sieve 54 and silica gel. The
first column was used to sepérafe nitrogen, oxygen and carbon mon-
oxide; the second column was used to separate carbon dioxide. The
oven temperature for both columns was 50°C and the carrier gaé was
helium (30ce/min.}. The use of helium increased the sensitivity
 becausé of the large difference in thermal conductivity.

| The gas sgmple was taken after the last cold trap, which con-
tained acetone and solid carbon dioxide: The sémpling systen
suffered from alr leaks due to the fact that the sampling valves
were not designed for vacwum. The mole fraction of nitrogen amounted
%o 10-L0%. It was noticed that the sensitivity for carbon dioxide
was not sufficient for our purposes. COnly if the conversion was
nigh (above 1%) could we sctually detect it.

Attempts were made to increaée the sensitivity by collecting the
gas in a container and compressing the sample before analysis. Some
advantage was gained for compression ratios of 5:1.

No traces of carbon monoxide and methane were fownd. The
relative response factors for the different gases.are presented in

tavle 7.2 below,

Gas Molecular sieve Silica gel
Oxygen 1.00 1.00
Nitrogen ' 1.0k 1.02
dMethene 0.89 0.89
Carbon dioxide - 1.30




7.2.4 Avalysis of the liounid phase

The liquid fraction was enalysed on a PYE-10Y4 using an APL column
(3ft) and a flame ionization detector. The method of internal stand-
. ards was employed for the flow reactor experimenﬁs vhile the method of
external standards was used in the batch reactor experiments.
A small amount of the n-nonane (internal stancdard) was dilutedhwith &
_ . lee of the
known amcunt of the liquid fraction to be analysed.’ mixture was injected
-on the GC with a syringé and the area waé measured ﬁith an electronic
integrator. The following settings of the integrator were used:
peak filtering 3 sec., detection level 32 sec., noise filtering
n;rmal, base line corrector normal.
Two types of runs were made. The first semple was run isotherm—
~ally at 160°C and the second sample with temperature control to
measure o-cresol and benzyl alcohol. The ?ollowing settings were
employed. Initial temperature, 5 minutes at lOO?C, thereafter a
linear increase of lOOC/minute up to 200°C, A printout from an

analysis is shovm in figure 7.16. The relative response factors for

the reaction products sre shown in table 7.3. The water content was

determined by Xarl Fisher titration. 9]
Component : RR¥
Benzene A2
Toluene 115
Phenol AT
Nonane : 1.00
Eenzaldehyde A48
Benzyl alcohol .h&
o-Cresol A48
p-Cresol W48
m-Cresol .48
Benzoic acid -
p-Benzoeguinone 1.29
di-Phenyl o 1.20

Table 7.3 Relative response factor for the reaction product

-
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8.1

CHAPTER 8

EXPERTMENTS IN A FLOW REACTOR _

About sixty runs were made with the flow reactor in silica.

All runs were made under isothermal conditions with temperatures

ranging_from 50% to 400°C. The tétal pressure in the reactor was
varied from 100 to 200 mm Hg and the residence time from 0.1 to 15
seconds, |

The conversion was kept low so that the initial rates could be
obtained from a éingle.run. Not only did this.simplify the rate
expression (when the product concentration is keft small the reaction

can be considered as irreversible), but the assumption of ideal plug

- flow becomes trivial. A few modifications were made during these

experimenté. Thus a preheater was introducéd in the oven after the
first six runs. A new reactor in silica was used after rum 29.
This reactor had no joints and was sealed into place to avoid air
lezks from the joints. At this stage a bubble flow meter was in-
serted to.measure the inlet flow of oiygen. |

The only detected compound in the gas product stream apart from

- oxygen and nitrogen was carbon dioxide.

In the liquid phase we found benzene, phenol, benzyl alcohol,

benzaldehyde, cresols, and benéoic acid. Appendix V lists the

'results of the runs.

EXPERIMENTAL APPARATUS

The process flowsheet is showm in figure 8.1. Photographs of
the system and the flow reactor are included in appendix VI.
Oxygen was fed through a control valve from an oxygen bottle.

The inlet pressure of the oxygen was maintained at 10O mm H,0 (1).




From run é9 onwardé there was also a bubble flow meter just befofe
the manometer (1), The purpcse of this medification was to provide
& more accurate meesurement of the inlet oxygen Tlow.

The inlet oxygen flow was dried over silica gel {2) £o renove
the moisture. The.inlet flow rate of oxygeh was measured by an
orifice meter (3}. A calivration curve for the orifice meter is
included in appendix VI. The oxygen feed rate was controllea through
a precision vacuum valve and the btotal préssure of the system was
measured with & mercury manometer (8). The oxygen was then dispersed
in a flask contaiping toluene (14). The vapour pressure of toluene
was determined frém the temperature of the water bath (4).

The feed mixture of tolusne and oxygeﬁ was heated by heating
tapes and introduced into a preheater (5), situated in the oven,

The mixtﬁre of toluene and oxygen was introduced at the top of the
reactor (7). Tae temperature of the outlet'product streanm was
.measured with a thermoccuple (6). The gaseous product stream was
rapidly cooled in an air condenser st first and then by an ice trap.
Fﬁrther cocling was provided in a NaCl/ice trap (9) and finally in a
solid carbon dioxide/acetone trap (10).

-The outlet flow of the product stream and the pressure was
measured with an orifice meter (12) =nd a vacwum gauge (11), respect-
ively. After the last cold traé with'carbon.dibxide/acetone samples
of the gas stream'were token Tor énalysis on the gaschromatograpﬁ.
The oﬁepating pressufe was controlled by a restrictor (13) and an
alr vent, which was varied to‘maintain the correct pressure. It was
found that & converted gaschromatographic oven (PYE-1Ck) made an
idesl oven for our experiments, The tempefature profile revealed |
that deviations within the oven were negligible (ebout 1° at 300°C).
Temﬁerature stability was excellent and amounted to less than 1° over

4 hHours.
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1t was observed that full saturation was not obtained in runs
1-28 despite efforts to achieve this. The inlet flow meter was sus—
pected and it was decided to insert a redundant bubble flow meter.

Figure 8.2 shows a graph of the partial pressure of toluene, calecu-

lated from the molar ratio, versus the vapour pressure of toluene,

8.2

caleulated from the bath termperature. It can be seen that full
saturation is obtained., The oxygen flow measurements ih the firét

28 runs are thus biased. The electric circuit for measuring the

discharge properties has been described in section 6 and is therefore

onitted here.

EXPERIMENTAI, PROCEDURE

8.2.1 Experimental description

The ice cooler (15) and the absorption. flasks (9,10) were
cleaned and dried and the tare-weight of the flasks determined. The

toluene flask was topped up with fresh toluene and weighed. The

‘water bath and the oven temperature were set at the desired tempera-

tures. The coolers were filled with ice and the last absorption
flask with solid carbon dioxide/acetone.
When the temperatures had stabilized the vacuum pump was

started and with the aid of the air vent the appropriate pressure in

the system set. Oxygen was fed to the system at a pressure of 400 mm

2

and the reguired flowv rate set up.

H.O controlied by the manometer {1). The vazcuum valve was opened

Every twenty minutes readings of the bath temperature, thermo-
couple, inlet aend outlet flow, and system pressure were taken.
From the cscilloscope we recorded the applied voltage and the

instantaneous discharge current. The discharge analyzer gave.us the

total rectified éc current and the filtered discharge current. Read~-

ings of the rcom tcxperature and the barometric pressure were taken
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et the beginning and end of each run. = Gas samples were taken towards
the last hour of each run for snalysis cn the gaschronatograph,
These analyses were made "on-line". The details of the analysis

have been described previously in section 7.

£.2,2 Calenlations of cormosite variables

The recorded variables were averaged over the total run time.
The standard deviation of the measurements were below 2% except for
the discharge current and the total rectified current where 5-10%

often was observed.

The residence time is calculated fronm

¥ o= PsVed
R-Tg(NOQ +

(8.2)

l‘Tto.‘l.mne)

y Where 8 is the total run time and V is the reactor volume.
This relation expresses the ratlio of the reactor voluze to that of

‘ the total volumetric flow.

The vapour pressure of toluene is caleulated from the Antoine

equation

. = £ omam o _13B3.9 '
;Oslo?toluene = 6.95334 (8.2)

, where t 1s the bath temperature in °c.

Y

The electric field (E) is given by E = }W .

Assuming a wnifornm field we_haverE = V/4, where V is the applied
voltage and 4 is the distance between the electrodes,

The error in this assumption 1s less than 2% and we have
therefore adapted the simpler expression of a wniform field. Thus

E is given by
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E = 7/0.565 | (8.32)

, where V is the root mean square (rms) voltage. |V =7V /JE]

The parameter E/N determines the mean kinetic energy of the

electrens and is given by

B/N = 555%%%399 = 1.035+10 2 Eéz(v—cm_g) (8.3b)

» where N is the molecular number density and p is the

total pressure in mm Hg.

The instantaneous current is obtained from the photographs.

The procedure is to sum up all the peck heights over a second. The

method is described in section 6.

The energy dissipaﬁioﬁ ig the product of the rms vdltage and

the filtered current.

The conversion is obtained from the analysis of the liguid

phase. It is assumed that the carbon dioxide found in the gas phase
is a result of the oxidation of the side chain and not from breakage

of the benzene ring.:

The zelectivity is obtained from the analysis of the ligquid

phase, and is expressed as the nuber of moles produced of the

compound per mole of tcoluene reacted.

The reaction rate finally is obtained from the formula

N (8) ~ N (0)
CTHS CHg

Ta g mole. 1  sec Tt (8.4)

78 §+v

This expression is based upon the initial reaction rate and the

essumpbion of ideal plug iiow.
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8.3

EXPERIMENTAL RESULTS

This section describes the correlations obiained between the
variables, the disappearance rate of toluene and its dependence on
partial pressure of the reactants and the electric field.

The recorded experimental d&ta.from the runs is found in
appendix V.

Inﬁividual reaction rates and cher_deduced parameters are

discussed in section 9.

§.3.1 Mass balance

Unfortunately we fdund that only three runs showed traces of
carbon dioxide. These were all runms 2% high conversions,.about'l%
based on toluene. The amownt of carbon dioxide in the product gas
stream was sbout €.2 vol%. The detection limit for carbon dicxide

was about 0.05%. ‘The nmass balance presented here is only shown for

‘these three samples, which provide a full mass balance. Table 8.la

shows the complete mass balance and a net balance baszed upon reacted
toluene is presented in table 8.1b.

It can be seen in table 8.1b that the carbon dioxide is the

result of the oxidation of the side chain %o produce benzene and

phenol. The‘hydrOgen'balance gives further support to this conclus—
ilon. |

We could not incl;de total oxygen in the nel mass balance in
table 8.1b. The oxygen consumed in the chemical reaction is only 1%
of the inlet oxygen flow. This implies that the flow measurements

must be made with an accuracy better than 0.5% in order to obtain s

net mass balance for oxygen.




Run nuxber 35 37 55

grams |mnoles | grams| gmoles | grams groles

IN
Toluene charged 10.16 {.1102 {7.35 | .0602 | 9.97 L1062
Oxygen charged 5.h1 1,169 2.90 | .0908 | L.o2 1256
our .

'Liquid cotlected | 9.77 |.2061 | 6.95 075k 9.97 1083
Gas stream : 4.50 .14 3.78 | .118 - § 5.L6 J171
Oxygen Lho J.ak o [ 3.76 0 128 (5.4 ] .1Ta
Carbon dioxide .014].0c0032 | .018{ .ocok2| .0145 | .00033
Ligquid phase
{Conversion) 0.90% 1 1.39% 1.10% _
Toluene 9.67 |.20k9 | 6.84 | 0742 | 9.84 L1068
Benzene _ .016/.0002L | .014| .00015] .OLT | .00022
Phenol . .006{.00005 | .008! .00008| .010 | .OOOLL
Benzaldehyde LOkhkj.o00k1 1 050 .000kT! .053 | .00050
CTHSO .028],00026 | .032! .00030| .031 ! .0002%
Water .011}.00062{ .017| .C0095i ,018 | .00098
Total 9.775|.106% | 6.96 |0.0803 | 9.97 |0.1089

Table 8.la Total mass balance

Run number 36 37 55
1N - _
Toluene reacted 1.00 1.13 1,17
{mmoles) - ' :
Total ¢ in T.00 7.7T 8.19
Total H in 8.60 8.88 9.36
oUT |
Benzene (mrmoles) 0.21 0.17 0.22
Phenol 0.06 0.09 0.11
Benzaldehyde 0.42 0.50 0.50
ggiggl(ziiz;i;)+ 0.32 0.26 0.30
Carbon dioxide 0.32 0.46 - 0.33
Water 0.62 0.95 0.98
Total C 6.70 T.76 7.91
Total ¥ T.6kL 9.02 . Q.34




8.3.2 Reaction erder

From the kinetic theory it follows that the rate equation is a
function of the reactants and reaction products. The form of the

rate equation is

§ -AE_/RT
~r = A-[OEEY[CTHS] e Bo /R

—

The expoﬁential term gives the fraction of the molecule whose eneryy

exceeds Ea. Let us substitute RT with E/p, which represents the mean
kinetic énergy of the electrons as compared with RT, which represents
the mean kinetic energy of the molecules and the electrons. This is

the case of thermal equilibriUm.

The.mean kinetic energy of the molecules at rcom temperature is
about 0.04 eV, When breékdown‘occurs we are in fact approaching.the
ionizatién potential of the reactants, about 10-12 eV. This implies
thet the kinetie energy carried by the molecules can be neglected
compared with that carried by the electrons in a cold plasma.

The rate expression is now written as

a B -B/(E/p)
‘P P e
0 ¥0,7C g

-r =k

{8.5)

I we keep the partial pressure of toluene constant and take the

logarithnm of 8.5 we obtain

in(-r) = A +ln Py - B/(E/p)
' P

The first experiments were azinmed at finding numerical values of

A, ¢, and B. First we tried to vary one variable at z time. Figure

8.3 shows the correlation of in(~r) as a function of p/E. The oxygen
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pressure is kept at 1n Py = 4.3 #0.1. Similarly the toluene
. _ o

pressure i1s maintained at 80 mm Hg. We obtain a nice line, which
wés expected., The slope found is —-69. This is our first approxi-
_ mate value for B.

To obtain o wve kept »/E constent while we varied pb . TFigure

2

8.4 shows the correlation obtained. Again we expect a straigh@ line,
which indeed is the case. The slope obtained is about C.8.

Finally, we tried a least sguare fit for both variables
simultaneously. The result obiained was

_ 65.86

1a{-r) = -16.172 + 0.99 1n p, “u/p

2

Figure 8.5 shows the goodness of the fit.  The data are tabulated in

table 8.2.

Run | 1n(-z) | 1z p02_ 1/(E/p) | 1n(-r}-1n pO2 in r + 66/(E/p}
17 | -13.%2 | 3.79 | 0.013k ~17.21 -12.38
18 | -13.95 | 3.92 | 0.0259 -17.87 - -12.2%
19 ~14,6L k.15 0.038k -18.79 -12.09
o2 | -12,9% | 4.18 ! 0.0128 -17.12 12,10
24 -12.95 4,30 | 0.0153 -17.25 S -11.94
25 -13.27 3.85 0.0125 -17.12 -12.45
26 | -13.3% | 3.50 | 0.01l1 ~16.8k - -12.60
27 | -13.81 | 3.08 | 0.00%8 -16.89 -13.16
286 | -12.75 | k.5h | 0.017h ~17.29 -11.60

Table 8.2 Rate data for oxyzen and p/E

The rate expression can be written more explicitly as

(=z) = 9.47-1078 x p0-99 « ~66/{E/p)
Oz
The rate constant compares favourably with that obtained from

the bateh reactor experiments (9.5'10-8) in a similar analysis.

128






Finding the reaction order with respect to ﬁoluene 13 more
difficult. Funs 31, 3b. and 51 to 54 are the only runs where the
partial pressure of toluene was varied. There are a few points
which should be mentioned before we present the analysis. The first
is that as we extract information from a set of values, Wwe use
~experimentally measured varisbles, which have certain errors attached
to them., The morervariables included, the larger the errors.
Secondly, the ratio of oxygen to %oluené is important in that it
determines the reaction prodﬁcts. This of course is an indiecation
that the reaction paths change. We therefore have to use a good deal
of judgement in this analysis. The datz used for the analysis have
been tabulated in table 8.3, together with conversions and oxygen/

toluene ratios.

£0, | iﬁ(rr) . -
Run 5 ln(fr) in Po y P02 ‘ Conver?ion
CTHB | 78 &6p/E rolek
1 0.8 -12.80 4,38 -16.00 0.33
3k 1.3 -12.8% | ko2 -16.23 0.1
36 0.8 | -12.84 | L.3 ~16.04 0.90
37 0.8 -12.7h L.38 ~-15.95 1.3%
51 2.1 | -13.10 3.93 -16.49 0.43
52 0.5 | -12.86 4,65 - -15.78 0.19
(53 0.3 | -=12.71 L.86 -15.16 0.07)
{34 | o0.1 ~11.65 4,93 ~13.46 0.0k}

Table 8.3 Rate dsta for toluene

In runs 53 and 5% we have, apart from low accuracy, & different
product distridution. Run 54 produces only benzene, and run 53 only
k mole per cent benzaldehyde and no cresols. These runs have there-

fore been omitted in the snalysis. The correlation thus obtained

vas

lo(-r} = ~29.80 +1n p. + 0.86-1n D



(-x) = 2.5:107 x 507w p o x oTO0/E/R)
2 78

However, this relation is more an indication of the reaction order
with respect to tolusne than a rigdrous determination of the order.
To maXe-an actual statement of the reaction order for toluene would
require substantially more data over différént ratios of oxygen/
toluene. |

The correlation of the reaction order with respect to toluene is

shown in figure 8.6.

8.3.3 Reaction rate

or more explicitly
We heve already described the variation of reaction rate with
partial pressure of the reazctants.
In'tﬁe rext set of experiments, with the new silica reactor, we
decided to study the influence of temperature upon the reaction rate.
. Rung 29 and 30 were "blénk runs” withqut a discharge to obtain the
thermal reaction rate; The only jroduct found was benzene. The ra‘te‘
was considerably lower than that obtained with the discharge (in(-r) =
~16.5 as compared with -13.0 at 350°C).
Rung Blwﬁd represént the discharge experiments. The tempersture

wvas varied from 50 to 500°C. we did not expect the exponent of p. to

O

be different. The collision frequency factor and B were the main

interests., Figure 8.7 shows a plot of in(-r) - in Dy versus p/E.

. _ 2
The kinetic energy is dependent upon the electric field and the mean
free path. Bul the mean free path of the electrons is inversely pro=-

portional to the molecular number density. Under isothermal condi-

ticns we may substitute the moiecular number density, N, for p.






Thercfore we should use N/E instead of p/E, when the temperature
is varied. Figure 8.8 shows this plot. The rate expression now

. becomes

1.0

) e.‘3.7-10"15/(E/1‘€) (8.6)

(-r) = 1.08-1079 p pé'g
' 2 778
This expression was found to hold well from 50 to hOOOC, at oxygen
to toluene ratics from 0.5 to 2.0.
Finally we may also correlate a dependent variable, the discharge
current, with reaction rate. A linear relationship was féun&. This

agrees with results obtained from other investigators.|u5|

8.3.L Selectivity

Consider the case of two parallel reactions, which are written
symbolically
A+B-+X

A+ C+ Y

The instantaneous selectivity of X is defined as|l1]

(-r,)
The total amount of X formed can be expressed as
=X
X == Jéxd(A)

where a and x are the stoichiometric constants for the reaction;

We have alresdy shown that the rate expression is a2 funetion of
the partial pressure of oxygén and toluene and the paremeter E/p. It
. can therefore be expected that the selectifity of the products is a
function of these variables only. It is not obvious what we should

plot on the abscissa. Since we are dealing with reactions of excited
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Correlation of discharge current vs reaction rate




species, the ratio of the reactants is important if the excitation
energles are about equal. For instance, if toluene is present in
lérge excess, it is more likely that toluene.will be egcited. This
can lead to ancther type of reaction, which does not involve atomic
cxygen. For instanceatwe way iﬁagine a reaction where excited
tgluene reacts to give benzene and the CH2 group reacts with molec—
ular oxygen to produce carbon dioxide and water. We thercfore feel
that the raiio of oxygen to toluene shoulﬁ be pletted as adscissa
rather than the partial pressure of the two components.

The other varizble to he plo%ted against the selectivity of the
products is Efp. This group determines the amoun: of excitea species.
Figures 8.10 to 18 show these plots.

The selectivity did not chow any significant.temperature gffect.
The ratio of the partial pressures of o%ygen and toluene had the

largest influence upon the selectivity, whereas the effect of E/fp was

nost noticeable for the cresocls.

8.3.5 Energy requirement

The energy requirement wes defined as the energy consﬁmed ver
mole of reacted substance. The influence of the parareter B/p upon
the energy fequirement is shown in figure 8.19. The energy require-
ment is obtained as the product discharge current and rms voltage
divided by the nurber of moles of toluene reacted, Figure 8.20 shows
the effect of the'oxygen to toluene ratio. To study the effectlof
temperature upon energy yield, we must exclude the effect of E/p.

Teble 8.4 lists the average energy requirements at different

temperatures. A plot of the energy yield against temperature is shown

in figure 6.21.
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Terperature B/ Energy requirement
°c V/em mmHg ¥¥Whr /mole
50 63 £ 15 1.45 £ 0.57
300 60 = 21 1.0 = 0.36
350 61 = 16 0.60 £ 0.22
Lo 43+ 13 0.L6 = 0.35

Table 8.4 Averase energy requirements

The effect of temperature is to promote transition of the
reactants to higher vibraticnal states, and to increase the trans-

laticn enersy (kinetic energy).

8.3.6 Discharge current

It was found earlier that the reactlon’rate is proportional to
the discharge current (figure 8.9). It is therefore not éurprising
that a plot of ln(ia) versus 1/{E/p) yieldé 2 straight line (figure
8.23). |

¥ore interesting ?erhaps.is a comparison between the filtered
current and the instantaneous current measured from the photographs.
This cbrrelation can be zeen in figure 8.24., It was found that the
azreement between the ftwo currents was very reasonable., It should be
remerbered that the breakdown is a statistical phenomena. Two sub-
sequent cycles mey have different time lags. This has the consequence
that the instantaneous current will fluctuate., If the photograpiic
method is used a number of thotographs should be taken to ensure thal
.an average discharge current can be calcwlated, Finally itrshould e
remenbered that the discharge current is a dependent veriable and can

- thus not be used in the reactor design.
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From figures 8.25 and 8.26 we can calculate the capacitance of
the reactor. The difference hetween the total end the filtered
current is the capacitive cuﬁrent and we get di/aV = wC. The capaci-
tance found in this way.was 39pF. This compares favoursbly with the
measured values of 31 and 33pF.

The total.discharge current inciudes the capacitive and the
dischafée currenﬁ. e way expect thé discharge current to be depend-
ent on the total current, since it is & part of it. The correlation
'is shown in figure 8.22. There is a distinet difference 55 run 31 to
L6 et 350 to 400°¢ as compéred to the other runs at lower temperstures.
Photographs taken of the instantaneous discharge current show that the
‘digcherge comtinues after the maximum voltage has been reached. Thae
phase shift is also diffefent from that of runs at lower temperatures.
The phase shift in the runs above 300°C is almost zero. Several.ex—
planatioﬁs are possible. The First that comes in mind is that the.
insulation breaks down at higher temperatures giving rise to an addit-
ional resistive load, 'Another possibiiitY'is that of poor connection
of the elec fodes. Loose connections were reported in runs 32, 33
and 48, This could result in contact resistance of the cirecuit. This
stresses the importence of measuring the true discharge current.

Mezsurements based upon the Total current can be completely misliesding.
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CHAPTER NINE
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.9.lf

| mechanlsm completely

‘about 10 eV, from experzmental data.  .

CHAPTER 9

DISCUSSION OF THE RESULTE

. In Chaéter 8 we correlated the simpielvariables, determining
the rgaction fate.‘ In'Chapter 9 we will provide a theorefical ex=
planation of these'correlations. We will also calculate the indi-
vidual-rates of thg products'fqrmed and:from thege rates deduce a
reaction mechanism. |

It was found that our derived rdte'eipreséion gave an excellent -

agreement with the exﬁerimental rates obtained, However, we also

- found that we did not have sufficient d&ﬁa_tb resolve the rate

The mean klnetlc energy of the electron vas estlmated to be .

DERIVATION OF REACTION RATE
y

g9.1.1 'Electron'energ[_

Let us assume that a reaction tékeé,plaée'at every collision for

A 2 A, The corresponding mean freé‘path‘bf'the electrons can then

e

- be calculated from the discharge current.j From knowledge of the -

electric field we can find the threéhold'(excitation) energyég Figure

9.1 shows the discharge'curreht.as & function of reaction rate. First

we’caleulate the number of collisions takén'piﬁce'ﬁhich lead to

reaction. This is given by

90 10 T(moles/sec 11tre) X 1.6 10 19(As/e)6 1023(molecules/gmole)

100 10 (A)

= 86h0(mole¢ulea/litre'e) ' L . The volume of the reactor
. L is 0.035 litre.

4i ;&7 W Lo

e,
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This gives

8640+0.035 = 300(collisions/e)

The dlstance of the gas gap 13 approxlmately 0,30 cm. Therefore o

the mean free path of the electrons is

) 2 0.30 _ o, |
Ae T 300 1-10 = .

s

Thus the aﬁerage energy the'electrqns have gﬁined in the eléctric
field is E°Ae-e0. Hénce the threshold energy for the reaction is
_ 8000+1-1073

E+A -eo _
€ ¥2+0.565

= '10 eV

This excitation energy is slightly lower than the ionizatidn

~ potentiel for oxygen. It is equal_to the ionization potential of

~ toluene, table 1, appendix 1. Electronic excitation of oxygen is
deseribed by three proéesses with threshold gnérgies at 4,5, 8.0, and

' 9.7 eV. The latter two are larger than the first, and'should lead

to dissociation, sinCefthe upper states have shallow potential minima '

at larger internuclear.distances than the grbund‘state. ‘The combined

o crbss—section for the‘B 0 end 9.7 excitation'shows a broad peak of

1.1-10 16 2 at 12—15 eV then drops off and rlses agaln 1n the 50-100

eV range.]@“l

t therefore looks as if our threshold potentlal could correspond

'-].to excited oxygen and/or 1onlzed toluene.

':'] 9.1.2 Blmolecular reactions in a cold plasma

N I
In this section we postulate a rate expre331on for electron

colllslons in a cold plasma. The expresslon is derlved from the

collzslon theory, neglectlng the klnetlc energy ol the gas molecules o

in comparison with the high energetlc_electrops._f '



Let us imagine a container filled-with a gas A, which is

~activated by electron impact. Let N, be the number density of A,

”'“fand-N the humber density of the electréns.' We have shown earlier

' that the kinetic energy of the electrons is 1n the range of 9-10 eV,
i The mean klnetlc energy of the gas molecules A at room tempera-
' ture is abOut 0.04 eV and at 300 e approxlmately 0 o7 eV. The

']”veloclty of the electrons is thus several magnltudes larger than the

o uf;;veloclty of the gas molecules, in a’ cold plasma. -It ‘is therefore

“ - " the. fast mov1ng electrons.

.f_reasonable to regard the gas molecules A as belng a f1xed target for_f

We deflne 2 cross-sectlon such that a reactlon will occur if

* and only 1r an electron comes w1th1n a dlstance b of the molecule, o

© as wé?

e A A o S //(9 1)
~ Assume the electron velocity is v (m/sec). In one second

- an électron will have travelled v mefers fhrough the gas- durlng

1t‘ithat second 1t w111 réact wlth any A molecules w1th1n the volume

”_ﬂai The probabll:ty of an electron reactlng w1th A in thza second
is therefbre . ) |

S ,5;"' T
13A"§¥?”

- The number of reactlons per un1t volume of A 1n one second 18 given e

by the, probabllmty of an electron reactlng t1mea the nuﬂber of
electrpns:per_unlt volume, i.e. N . r~,§‘=.' . B
S 2, o T ‘/5—2—-——2 v .
.?A *vﬁr(v),v NANé RE  ; v é u f gy + u, _ _(9-2) e
" Ina real system the electrons will move with different velocities.
“;The numbef'of électrons'having veloéity components ranging from -

Uy BO U +du, ug tow, +dug, u, o u, +du, is given by '

aso st




Nef(ux,uy,pz)duxduyduz'
i .
IT the electrons can be considered as being in _therma.l equilibrium
within themselves, then we may assﬁmg a Boltzmann distfibution for
the #e}ocity. | | o

: Ne?(ux,uy.uz)dgxduyduz..

R Y - 2 2. 2 |
= Ne(me/2nk?e) exp(f@e{ux + ﬁy-+ uz}lakTe)

» o
Fﬁ}(y) v duxdgyduz

-

The total rate is obtained by intégration over all velocities.

.'rA_'= NeNA(QﬁkTe./me)_'.ﬁ/ ?. ”I e.xp.(-mé{ui + ufr + ﬁi}lzk're) o
w8 (vivau,au au,

Conversion to spherica} coordinates gives-_duxdgyduz m_i?éin¢sin9d¢d9dv

dnd'integrating gives

e = Lang (om -3/2 | PR YN T
ry = 4N N (29K, /n ) [éxp(-qév /2kTg)wb}(y)v av - (9.3)
We notice that %mv2 represénts'the kinetic energy of a'patticle'

. moving with a &élociﬁy v end mass m. ' Substitution in 9.3-giveéf‘v‘ '

Ty (hnNANe/me)(EHkTeme) Jexp‘ e/kTe)ﬁbk(e)s§§:2  -
. This expression simplifies to

-r, Q'INAN'e{Glme'(.kTe):ili le:!cp_(-?e/k'l‘e).nb;(s)ede o ".. .;'-"'.:,'(Q.h)l

T



Before we carry oﬁt any iﬁtagration we must find an ex@ression';
for the reéctidn crosé-sectién,ﬁbi. ﬁe khow thaf.the éross—sectidn
varies almost linearly with ¢ for low electfon energies,'so'a hdrd
.sphere modei would not really be appropriate. The easieét moaei ve
‘can find with an energy dependence is the ling'of centre cross-section,

figure 9,2118L'for which the cross-section is defined as

i

-'ﬁBi(s)

w%&(l - s/eo} - for e 3 o

nbr(e) 0 : | | | §_<_€O

Insérting the expression for the cross-section_and infegrating,'

we get
2.2 ' ;
- 5 ey NN (KT )Y exp(~e /KT )
(nme(kTe)3 A'e & T 0.

The mean kinetic energy gained by the electrons_in the electric

- field is-EAee

0* But the mean free path of the electrons is given by -

L=
&y ao . , o .
this, and noticing that the mean kinetic energy is 3/2kTé, we obtain

, assuming a hard sphere model (section 2.2.1). Tnserting

1 ' ' :
: . B . . . .
T, = {ﬁnkTe/mé}?ér-NANé'exp(f3wNAd§80/8eOE), o {9.5)

Equation 9.5 mey be written more concisely as

-rA = pZ'NANe‘.e(nB/(E/N)_). .

where 7 is the collision frequency and p is the steric factor
defined as the ratio of the reaction ecross-section to that of the

hard sphere model, i.e.



Let us now evaluate the numerical value of B, for comparison
with cur experiments. We showed earller that the excltatlon energy
for the reactlon is about 10 eV . The diameter of the oxygen molecule,

dA’ assum;ng of course . that oxygen'is_aqtivated to about 2 £ or

arlo-gcm. Inserting these values we obtain

: 16 -
B ~3ewehe10 10%e,

-15
=_ " N
E/N S 8. e,

= -l 7107 Volt en ? ,

. or expréaéed as E/p equal to <70 Volt cm—lmm'Hgfl. Our experiﬁental -

 va1ue was ~66, This is indeed an excellent sgreement between the
lfpr0posed mcdel and our exyerlments. e
Let us also try to evaluate the eolllslon frequency and make

the same type of comparlson. The pre—exponentlal term 15

o femeemy?

- Figuré 9.3 shows & graph of the electron tempefature versus E/p for'if
oxygen.: At a mean kinetic energy of 10 eV, we get T .= 85 000§K.

The cross—sectlon.ls taken to.be 1.1'10 Eom?, as mentloned earller

.
in éect%on 9.1.1. . Inserting these values we ‘obtain the pre=

\ '_ﬂ',‘ exponential factor 6.2-10-1h moleculés/sec,m3. 'To‘convert ﬂhese.

umits iﬂto gmoles /litre we‘mulﬂiply by'6jlo 6,_wh1ch nges _' _.

e 3_7.1010 moles /1-sec. or log;, 2 =7io.57 '.l‘h:l.s is the nght VI

. magnltude for a bimolecular CO111810n.- o R .

Our rate expresslon thus becomea

- pe3.7-20 e (- 70/(E/p))
ffwhere N; is the concentration of A in'gmolesllitre;, To proéeed_any‘

‘from thq llterature seemns to be 10 13 electrons/mp Iﬁﬂﬂ By, equﬂtlns '_'?

L V.

" further requlres a knowledge of the electron dens;ty._ A copmon value s
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the'theoretical expression with our experimental rate of :eaction for

| benzeldehyde we get,

.\= - ' . | _-3.82
1n ’07*_15‘% =T.31 4 0.95 1n.[02‘] iR
) l"u - Ly iy} . : 3
and T.mhgphlo 2;0
| 610

vhich gives p = 1.0, This value of the steric hinderence is not by

any means unreasonable. Unfortunately there is no way of'computing

‘.p, but since p is found to be less than one for ell reactions, except_.

the alkali metal reactions, we can obtain the upper limit fbr.the pre=

exponential factor. The:velue ef‘i.oeimplies a perfeet fit;to the

' " hard sphere model. - R T

9.2

REACTIONS OF TOLUENE AND OXYGEN

From the selectivity and the total reaction rate it is possibleﬁi'..e'

 to celculete the rate of formation of the prodﬁets. By looking st

!

© the table in eppend;x V we find that the only consecutlve reactlon '

'f that is llkely to occur is the fbrmatlon of ben201c acid from benzal-

e dehyde.  In the maJorzty of the experlments the res:dence tlme is so:@g o

1

';'short'that‘this reaction can be neglected. ‘We are thus left w1th

~ four parallel reactlons for benzene, benzaldehyde, cresol plus

U"‘ benzyl aleohol and phenol. Phenol may of course be formed from'

l ‘emomlc oxygen and benzene, but thms reectlon is not llkely to make

a 31gn1f1cent contrlbutlon to the overall yleld of phenol, since the L

-concentratlon of both benzene and atomlc oxygen presumably is very

sma.ll

The calculated reect1on rates for benzene, benzaldehyde, cresol

_=.plus benzyl alcohol, and phenol are preaented 1n table 9 l.._~“;-

*



Run in r o linr Inr ln »
17 -14.80 -1k hg ~14,60 ~16.11
18 -15.10 - | -15.18 -15.10 | =-16.63
19- -15.70 . -15.89 +15.80 | -17.36
20 -15.56 - -14,50 14,82 -16.39
21 -l5cll2 . -lhooa : ‘_11#0 32 ] "15.112
22 - -15.06 -13.7% | =-14.,01 | ~15.5h4
23 -15,16 - | -13.37 | -13.80. "} ~-15.27
2k -15.83 | ~1k.2k - -13,61 -
25 -14.90 -14,33 ~14.30 - =16,10
26 - =14.20 - -14,50 -
27 -13,80 - L - -
28 -15,00 - - .
30 -16.54 0 .0 . 0
3 -1h.20 - -13.98 -14.03 - | =-15.50
32 -14.88 -1k,67 -14. %0 =
33 "13.10 o - . - : - -
31" ) "1.’4.00 ‘ "’1’4 -hs '_13- 71 ’ "15-20
35 -13062 . - _13095 S -
- 36 ~1k.37 =1k,19 | ~13,71L -
37 -14,60 -13,95 { =-13,51 - -
38 - =1h,02 El =1h.b6 -
39 - =13.96 - -1k, 15 : -
Lo =1h.ko - ~15.99: -
L1 - =14,10 - : - -
4o, - - .- R
W3 - -1h.22 . =13.50 | - -15.20 -
e =1k,25 - C=14,90 - -
- bs, - - - -
k6 -12.76 - - - -
b7 -l ko | -15.50 | -15.00 - | -
h8: ~14,45 | -15.80 [ -15.37 } -
L9, - -16.00 =260 | -
50 . =14, hg -14.80 TP -
51 | -15.16 - -14,17 ~1h,0h - ~15.h0
52 - -13.83 - ~13.47 LT
53 12,9k - e -
sk ~11.95 - - -
55 ~-14.,73 =14.45 © -13.89 | =15.h40.

for parailel reactions ;-,f;,ft'”




9.,2,1 Experimental reaction rate for benzene

Several'authors investigating reactions of toluene in'a micro-
wave dlscharge report benzene and ethylbenzene as the maaor products, |

sect1on h k., This suggests a mechanzsm according to
C7H§ + c6H6 +.CHé‘.

Therefore we expect benzene a priori to be of first order with respeét :

to toluene. The first correlation we tried was not the toluene de-
rendence but the oxygen dependence.  The reason was that in the first
set of experlments we kept the toluene pressure constant while we

varied the oxygen pressure. The correlatlon obtalned can be seen in

figure 9.4, The slope.obtained was -0.88 for'runs 17-28 and -1. 13 for

‘runs 31-50, Next we trled a regresalon analy31s of all three varlables,

Oé, C lg, and E/N, to see if the F—ratlo was slgnlflcant for this

7
_ correlstion, The result, is seen in table 9 2.

COEFFICIENTS FOR X | : -
: Y= .210136 I o

XiC 1
X¢ 2 )=~1.18699
X 3 )= 1.00073
X¢ B

I)==15,6285
STANDARD ERROR IN Y:= « 242698

REGRESSION = 53 L oF Ms - F

X1-X 3 10.5278 3 - " 3.5093 . '.59.58 |
X1-X 2 S BeT639 2 T . 443819 . 74439
INCREMENT 147640 1 147648 29495
RESIDUNL 4 0«8835 1S . @.0589° -
TOTAL 11.4114 18 .

MORE AVALUES? YES=1 NO=g -

Table 9.2 Repression analysis of runs 31-5k for benzene . . .-

.. ] I ~ T
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The F-ratio for N/E_end oxygen was Th, which corresponds tolover 8
'99% significance, The addition of the third varie.ble', concentration
of tolﬁene, gaVe an F-ratio of 30. This again is well above 99% 51g--5 
nificance. We therefore feel sure that the reaction rate is propor- 7 o ‘
tional to toluene and inversely proportional to oxygen. The reaction
- order of ~1.;8 and 1.00, respectively,'indicetes a first-orderrfor o f AR

~ both of them, giving'the following reaction rate’

-_fcﬁgélgk{%};p/(nm;:j. e ST

o Flgures 9. 5 and 9 .6 show this correlatlon. The rate equation P

s obta;ned was.n

e o L s 1
| [9] - ;;. ; S L !
14,37 + 1 W 1n l;%f_l L e

.=-1h66+0911u

" Rwns 17-28: 1a r
' : o CGHG

H;?“{Rons:3l—5h:,' 1n rCGHG
'l..
No dependence.Of.ﬁlE wee fooo& for the last correlation.” We may e“:w‘.

_?'therefore postulate that the dependehce of N/E for Henzehe is'sllghtly
- less than half that of the threshold energy found for toluene dlsap- f:ﬁ;f"

.pearance (-3 T-lO 5) ' Thxs gmves us an excltatlon energy of about

:.15 eV.

~;-:}9 2,2 Experlmental reectlon rate for benzaldehyde R ‘_"‘ - ]‘  ]} ..W
In gection 4.1 and k.2 we found that benzaldehyde is the result o ;
'  of 21 reactlon between exclted'oxygen molecules, in the slngular state,_gfji_- ‘
| and toluene, the excltatlon enérgy be1ng ebout 1 eV. In ‘the event of
1:colllalon between exczted toluene and oxygen We foresee no reason why

_ I §
U'a react1on should not teke plece, s;nce the threshold potentlel 18

e A




" well sbove the minimum requirement. Our postulated reaction
‘‘mechanism is therefore

- 1 _
C-Hg + 02( A-g) + CH

+
T CHO + H,0

5 oY

o* 3 , . o
C g + 02( zg) l+ C6H50Ho.+ B0

The 02(198)'state will hereafter be desgribed'aé 0;,'similarly 62(3£é)-
'yill be written 0, The (*) will fe #sedlﬁo describe the activated
.speéies.. | |
The variﬁble_that'has thé lafgest significance upon our experi- ”
mental raﬁe equatidn is N/E. ‘This 1ndicates that benzaldehyde is 1ndeed |
formed from aﬁ activated complex. Kbeping the partial pressure of

t

toluene constant we obtained the followlng regre§51on,

In(-r) = 7. 08 +o0, 96 InF, - - aghag’ oo
. ‘ 02: o E/N .'f;' SRR
or in terms of concentration, -}..:
= g ; |
! 15

1nrcTH0a_'711++0951n[02] __38210

The \F-ratio for inéluding oxygen'was'11,‘which'corresponds to
_about 98% significance, Including toluene in runs 17—26 did not make o

T,

. eny significant contribution. The regre351on analy51s is shown in -

e “table 9. 3 and 9. h A graph of the results can be seen in figures 9. 8_

- and 9-9;‘ The results from runsF3l-51 showed szgnificance in only the‘,:"'
: i

. .first variable N/E.. 0bv1ously Qur experimental errors were such that

|

'i={1no further 1nformation could be~extracted.- The correlation obtained -

Rt y
] (N

*ffrom table 9 5 was :ﬁ b -i I C _'TV -

lnr = 13h1+ o16in[oa'|+o121n[cn8 33210 N

. "'r”"" i

: R ' o N




‘The standard'daviatibn'in ln'r was 0.5k, Cbnsequently we cannot

- obtaln the toluene dependence from the experlmental runs that we have

. f

ava;lable, thls would requlre further runs varylng the partlal pressure :

EERY

S R COEFFICIENTS FOR X S e
vl e T i K )= 3482472
ARt S d I~ Y= +949588 .
COKC @ I==Te14639

'STANDARD ERROR IN Y= +186003"

s "'.'I"'-

e us R
7187736 51 e87T
341629 91442

.+ REGRESSION .. "« "= s§§ '
OXt=X 2 ST 365472 00
CX1=X 1. Y 341629
INCREMENT Pe3843
RESI DUAL o Be2076

' | - @.0346
. TOTAL | 3.7548 - 2

|
S b L MORE AVALUES? YES=1 NO=@ .
. | SO e
P S R
. Table 9.3 Regression analysis  of ‘ruis 17-26;p_,

RSO ' I B A a A

B . . . . '
B L T U UV S AU DU S S A O O
e v i -

1 '+ COEFFICIENTS FOR X
S R S
T T o -1
I S (3
A IR S L
| STANDARD ERROR IN Y= 186139

LI

i s £ —————r

J==3.62885

}= «910704

¥= 2.85728 -

)1
!

! REGRESSION . . ss DF. " M§ o F
o X1-X 3 g 3e5816 03 141939 34646
S oX1=X g - 0T 3484720 2 T 11,7736 0 51419
.- INCREMENT = "  @.0343 't "o
i . .. RESIDUNL L De1732 5
8

| R U De934s
b TOTAL ¢ L 3e7548 e

'.‘ﬂ'MORE AVALUES?“YE3=1  Noagf

|
i
r
S S

843843 dieif .

1 0.0343° .99 .

¢ b v




e e e e I TS T T ; e T T I
E e e : 1 = 1 i e s -t b
g T T =
— et mma T 7 1 e
o ] T i | —_ 1 et i
T 1 T iy il b i 1
: E — s 11
i - 1 + - * i ;
T ) S T t oy
BT : T - - = :
= 1 : T T + -
: : T ms T b s
ks S gy oy - by 3 n !
byt e g = [FESYETEEN) IECI TS = i = ' Sy
: H 4o b T
. g T i + H
i e T e - iy
[iit— ! o Ty it T T -
F— -7 oy " z T T f = e
- + - -
= 1 i L 1 L I I
: t o T i o R o B i
: 2l i 13 b T
” T T R e
: I ey T AT ENEEE Lot § =
i : RN BARSS i s
- T S ]
b — emm i} I T b T
s 1 L
— e B
: = :
e T r
: i t +
T -y — T
> — > ¥
=i [ 1~ T
o : +
1 | 13 1S
¥ 1 T
] Ls = E\ . 14
: T i ) e ki
- + ki i L
: LT H ST ] ,Hy
3 r g T— +
I — e o | ik feFlgs S WEBE
i iaeam TR iy
1 - . 1 T = :
Exs i = il )
; T + T 1T T ik £ s n o
e T R o) —. ! -
 E— b B ==y o ot
- : ' pes : = (=2 Mwn T
T : : T T Tt T S it e —
42 ] S 22 : = S :
— ; = T T T s ,LU I s L b :
N RPRAN e —— : v v 5 S R ! ERBEE T et —e T
; iy - - —
¢F1||J|,II..+ £ jan T T ,,1:1_. T imad } T i
e S a t -+ e —— o Eaamm
o 1 T T THT o s ' R g .._.um\ *
ORAR Tt T L Tt Lk a2 pad .
= T T T * 3 T TR b o A L
+= ¥ 1T n ,“‘, LD A I T 1 . 17 T #4. \Hw lJu« 1
T - Ty T BREERR R += A T St + +
- L - - - ] .
" T = -
. —_ I : o ey S T T
= " Sassas: THEOD S : :
n N = 1413 LS o
= EaE iRl ! B THI e
: r = wtd i Lag B R RS Kk e
; i : 17 Y R mas Faria U T :
= —— = H o : :
: = - L . H i
- T e
T T T “ T
T - - T L 2 T
—t 1 T : I H =" : :
1 T == + L T 22 pi T E o ;
esasbe : ; : B : = : i
et - i T T T T =2 .
n - ¥ T e T g T
i i ! : T T gy 1 g 3 T34 :
+ r - 1
ST i = et
a1 o ~ T
T — =) :
H § i e n
oy e T T
T T : AR n
H11 3 i : aaes b
v T + bt 5
#. T H ; s T
i B R F—— it = iHT
IEEE) M T t 1
T " Hit{ieny
17 : 133
3 : i
: d ;
s - T iy
O T : 22373 P
1=t it .
EE 4= a5 ba 11
2 11 -
7 . ¥ e T T
T i = mablea s
1 i i3] aa
llllll - T
AT SiRet] 3T :
111 5 SRS 1T
t T t
T t o
1 = i i
I 1 ; :
L L -




9,2.3 Experimental reaction rate for cresol end benzyl aleohol

Cveta.nov:.c and Jones 1nvest1gated the reaction of atom:l.c oxygen
in the (BP) state with toluene. Apart from & low vola.t:l.le polymer
they only found cresol and sma.ller gmounts of car‘bon mqnoxide. No
trace "_of benzaldehyde"_-or hydrogen‘aﬁst'raction wags found, This indi— '_ "

‘ ‘ca.teé ﬁhaf: cresols dre formed from rea.étions_ ble.t#reen atomic _o:ﬁ'gen.- b

*and toluene according to

ICTH8+ o(3p) + CTHBO W

It was shown in section 8.3.4 that the cr_ésol increased .w'rith in- .
~ creasing ‘value of N/E. Benzyl alcohol showed :a similar-'trend and
we have no reason to: assume that benzyl a.lcohol vould be formed by a

" different reaction. We have therefore 1n our correlat:.ons used grouped
: . _ . 7

 data.
'The most significant variable was E/N: A correlation of runs 17-2_5‘, .
is shown in figures 93106.&3 .9-11"-"“-' The rate expression obtained was: .

oy

y ot

C g0 = 17'67?+.-1'll;' in P°2.-‘ 7N
or, in %:oncér_xtration terms, ' - ; b
L 1,12:10 -0

=-591+1121n[02] "_"E:“/'If"'“- .

CTH 0
The F-ra:b:.o for 1nclud1ng oxygen in the rate expression was 15 6
S which glf.ves a 99% e:.gu.f:xce.nce. The standard_dg‘v:.at_:.on was:0.19
" (table 9 6). | |
.‘ Aga.m we ran 1nto trouble when ve tr:l.ed to apply the regress:l.on
"on _runs- 31-51. . Table 9_._7 shows thxs)regress:.on._ 'I‘hg only varlable ve
..f'ound siggificént was E:/N...' 'y lf.'\near:: regx_'es'aiondof" _N/E gaifé fthe':qnov-_-f.

ing regression line:




T b g e s S i 1% Y e e

}==3,38255 1w
)==e167834 ot
B W 123749 el e e
)=f'13,44| 6 T o

SR T 12
SR S . (¢

WL T

| STONDARD ERROR IN Y= .537776 |

—“’REGRESSION S ss e
S X1=x"3 T g3z g
o XKI=Xo@e o e 1, 8eRe 0 LR
;5‘INCREMENT-5J_ A.@113 .71
.iu.REsrnunL 341813 I1f
=1;TOTAL ‘_~ﬁ,,.w,5.|546--:145

MORE nVALuﬁ:s7 YES=1 NO:@'.."'".-”{;:-T" L o

et e P INATER R S B T SR

- - Table 9.5 "Regress‘si'.bn:bf‘-runs -17;26 féf'benzﬂdéhyde ey

I RL S Y

R S LR Sy . .

i R o “;ﬁx_?  M”M,ﬁ
* COEFFICIENTS FOR X ' = = *
e e LR >=-4.33427 TN
ST KO 2 e 1e14517, T o
XC 0 )§é17-6756_ SRR

B L : T T

Cl7 . STANDARD ERROR IN Y= +19@671

'REGRESSION -~ 8§ [ 'DF ... - Ms o F .'y:
COX1=X 2 T de 2432 d_afnﬁﬁ:glaqlall”z; ‘58434 :
U¥1-X1 . -3ele763 ;3;13”1 346763 181642
| 1 045659 - «le.sv
6 i
8

iﬁﬁa.QSGAQf

" INGREMENT ' . Be5659 i -
: gESIDpAL LD @e2181 l}*
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S e e e
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. IR B
in r = —13'33 - -QM._

CH, O ™~ ' E/N '
Of course we had no chanée whatsoever to see any 1nfluence of
',toluene from runs 31 51 gince this would requlre an addltlonal

varlable to be 1ncluded.

9.2.4 'Experimehtal reaction rate of phenol

Méhy compounds have been found in homogeneous and hetefogeneouﬁ_ ’
oxidation of toluene, section 4.1 end 4.2, but phenol is not one of - B

them. The strong dependence of N/E suggests a mechanism over excited

oxygen. It is probable that the reaction isrvéry similar to that of .

cresol as they represent the same type of addition. The proposed

mechenism is therefore

Colig + o(3p) *> CéHSOH'+ CH, .
Obtaining a correlation for phenol is simpler, since we do not
have to considef the runs -51, for which we obviousiy do not have

sufficient data to perform a regressxon.' The correlation obtained

from runs 17-23 was i :
i : i [

i j

: : a-15

r = -18.87 #1.031 1n p, - 2:li:10°° .
CHO * : 0 BN -
676 ; ) .
or, in concentration terms, from runs 17-25,
| | -5
3. 63 10 _
in rCGHGO 7 31 +1.18 ln[O] -y Vi .

The correlation is shown in flgures 9,12 to 9. 13. Table 9 8
gives us an F-ratio of 17. Thla corresponds to exactlY 99% 81gn1f1-_:  “
cance. Includlng toluene 1n the regres31on did not 1mprove the

cérrelatlon since no 51gn1f1cance was found for toluene. However,‘7'
this doés not mean that the reé.ctionirate is independent of the

toluene. pressure, smnce our varlatlon in the partlal pressure of
toluene weas' small, h 37 £ 0,02, Table 9.9 shows the regression SR

 '_‘_ 167 .

including toluene.:'
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' COEFFICIENTS FOR X L R
S C K€ 1 )=-1.30902 ; R

X¢ 2 )=-,766873 R o

X¢C @ Y=-18.736 S :

STANDARD ERROR IN Y= +379379

i REGRESSION ~  gg

F o s P
Xi=-X 2 : 1.8921 ‘

. Be9460 6457
1+6620 11.55

02391 . 1.60 .
1439 ' B

e X1-X 1 | le6620

 INCREMENT T Be.2301
. RESIDUAL 1.0075
, TOTAL . 248996

@-..Jt—o-[oc

MORE AVALUES? YES=1 NO=p o S

Table 9.7 Regression of runs 31*50-for CTHBO

-

f
.

i [

3 t

. e | :

. - j :
. . COEFFICIENTS FOR X j U

B ' X¢C 4 )==3.7421 o 3

T X R = 1419799 o

oo X @ )==19.6846 " S

' . . '
1. . |

STANDARD ERROR IN Y= +185885

3
: REGRESSION : SS .
; X1<X 2 - 32448
e X1-X 1 : . 246639
; _ INCREMENT " De58P9
4 REsIDUAL De17R8
L TOTAL 3+4176
i ] .

T MORE NAVALUES?  YES=1

F o M8 o F T
' - 146324 46495 -
246639 - TT«18 .

 0e5809 . . 1681

C QPeP346. v

qmi---mc

0#@

|

Table 9.8 RegreséionAof runs 17425 for phénol_fu%'f:'*ff.?Vr' L




©STANDARD ERROR IN Y= +177467

' REGRESSION
X1-X 3 -
X1-X 2.

. INCREMENT .~
. RESIDUAL

CTOTAL

. GOEFFICIENTS FOR X

%t 2 )=

b . 8§
1 342916
. 32448
S eD468
S TR F-1-1 B
3e4176

XC) d=-a.31216

o 1.05687
Ce0XC 30)= 146137300

o MS
1.0972
106284
. DeQ468
L Be@315 ¢

i MORE AVALUES? YES=1 NOsg ..~
Ligg BSs 0 :

ok

i ="'1‘é.bie;2-9 ' "‘Regz"es:sioﬂ of runs 17-25 for phenol = .




9.2.5  Reac£ion'mechanism‘:_

At this stage we are beginning to accumulate some important
information that will help us to find a reaction meéhanism. Let ﬁs
sort out these facts.

(1) ‘Cresols and ﬁfesﬁmabl& benz&l aleohol are formed from atomic
| oxygen. e reaction ofﬁer with respactrfOIOXygén is & 1,0.
(2) ' Benzaldehyde is formed from excited oxygen, haviﬁg the samg'.

dependence of N/E as atomic oxygen.

(3) Benzene is formed from toluene, being first order with respect .

to toluene, but-inversely proportional ﬁo oxygen. The depend-
ence of N/E is iower than that of benﬁaldehydé, cresol and'“
ﬁhenol. 4 | |
{4) Phenol_is first order with réspect to oxygen.'”The N/E depénd;

" ence 1s the same as benzaldehyde.andlc}esol.
The conclusions we can make from these facts_ére'as;follOWB.'
Atomic oxygen is formed fronm activated oxygen. Two facts 5upport

this conclusion. The “activation energy" or threshold potential are

identical, The rate of formation of cresol is of first order with

respect to oxygen, This gives us reactions 1 and 2.

Oxygen is not involved in the fbrmatibn of benzéne, since the

reaction order with respect to oxygen is -1.0. - The weak dependence

of N/E suggests a. complex, probably activated toluene. The oxygen

dependence suggests that this activated compleﬁ_competes for_oxygen.

to form‘oxygen.compounds not involving atomic oxygen; i.e. benzal-~
denyde, |
The proposed mechanism thus becomes:
k

. R T
(1) e(1) *0, 20, +e

2
k2 |
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i ' s k

(2) 0, +30+0
. ' ) »
, .
(3) e.(2>) + CH —‘-‘-k_ C/Hg + e
= 5
» g

() ogay +° cgig + aug

-

* * ET -
(5) Cpllg + 0, > CgligCHO + 1,0
_ . k8 7
(6) 02+CTH8-> 06}{ CHO + H.O

5 20

. “ .k9 | . .
(7). 0y + Clig » cGHSgHo + Hp0

| . k R
(8) o +cpy 3 g R e

(9)  o+cig 3 CgHisOH + CH,

N

!
: 2
(10) cr{2 + 3/2 92 kl co2

+ H20 ,
In section 3.1 we discussed the Hinshelwood 'mecha.n:i.sm._ This
mechanism assumes that an equlibrium ?condition for the activated

complex is rapidly sapproached. |
rO; =k {e;] (0,3-k, [o;] [e,] —1:3[02] kg [CTH;] [o;] &g [9;] [c 7381 | ...0
‘and ' ' |
| k, [e,] [o,]
k3+k2 [e +k7[07H;] *kg [CTHB] |

*
IC’aleq =

o a1 = o) [l opnglowgLopsgloi (0} ot lopnf) o = 0
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. ang | ka[eél[bTHSj

T eq k5+k6+k7[b2]+38[02]

lc u

o = 25[0;] kmtc SIORNCES [o] -0
| Io.l | = [02]

N (klo-l-kll) [C'THB-j |

The equlllbrlum values of the complex are very small and the L

steady state concentration 51mpllf1ea to

kl [el] [021

.loaieq kg, [e #x[c 118]

* kh [‘32-1 I:CTHS]
: , CTHSI eq k5+k6+k8 [02]
__..[O|.. ._ Sk k3[e J[o }

eq (k, o8 ll)[cTﬂa] {x +ﬁ2fe]+£9[c,rﬁaj}

Inserting these concentrations of'the‘compleXes,:We get the

following rate equations.

kg kh[eg] o H8]
e
L kg gt [92]

The experimental egquation is

Tegtglle,)

Toy, T
£°6 | [02]

If k5.+ k6 15 small comparad to k8|02], we get

*, kh[eg] [C'THBJ

kg[0,]




In other words, deactivation of the complex is mainly done by

' oxygen, .

o2 ler1 (0] o]

Yo HO T |
T8 (k%) [C Hs]{k3+k2[e]+kTLCTHB]}_.

10011

= ks-km[el][oe] ‘
S (klo*'kll){k +kT[CTH8]}

In other wdi'd.s,' first order with respect to oxygen.

kyjv2k k3[e ][02]
(k) g¥yy) {k3"’k2 I:""1:l +k7 [c HBI}

L _
"CH 01

2k RS . [el] [02]

(klo 11,)“‘3*’1‘7[c HB]} L

e

S:.nce the concentration of actlvated complex is sma.ll, we may

© negleet the product [02] [c H;I, i.e. there is 11tt1e cha.nce o:t‘ collls:.on. .

i 'kla [_'e2] [C Tﬁa] [02] , kgl [e ] [02] [cTHB_]' ;' :-. .
07350 ~ 5.[92] .' x +k2[e1]+k7[c7ua] e

__j.‘l_.r ."[31][02][ 3]
S .c,{.H ¥ »flcg[el +k9[CTHB]

o kl kg[el] [o,] [CTHB] T
g0 = k+k7[c7H8] L T

To proceed further we would need 1nformat:|.on a‘bout the rea.ct:.on '
‘order of toluene for either benza.ldehyde or cresol. The quest:.on of
'whlch reaction controls dea.ctwatmn of oxygen must be g-uesawork at

- this stage.‘ The fact that ve have aubstantlal mnountl of a.tom.c oxygen




.in the reactor (fbrmaﬁion of cresol, benzyl aléohol) suggests that k31:

has & low activation energy. This suggests that at low partial
pressure of toluene we may observe a flrst order dependence wlth re—

spect to toluene for the formation of benzaldehyde.

9. 2 6 Select1v1ty from calculated reactlon ‘rates

Flnally, we compare the select1V1ty obtalned from the calculated '

‘Irates_vxth our experimental values. To_do this ve express the 1nstan—“ .L:

 taneous selectivity as

Tables 9.11 to 9.1k give the calculated seleétivity for three

values of E/N at constant toluene preésure (80 mm Hg). The experi-

mental values for runs 17-28 are plotted in'figures 9.1% to 9.17.
As can be geen from the graphs, the agreement is very good. We
notice that for low ratios of oxygen to toluene, the main product is

: _ ot .
‘benzene. = The selectivity is almost independent of E/N.

| E/M107Y (V-cn™ )
P /P . j
°7“a 20 | wo 1 6.0
0.125 1 0.924 - 0,875 | . 0.853 . & o
0.250 0.759 0.644 | 0,600 .-
0.375 - 0.588° - 0.k50 | 0.kOs
0.500 ° o 0.449 0,318 © - 0.279
0.625 L0.345 0.232 - 0.200
0.750 - 0.269 0.1 0 | 0.1b9
0.875 0,21k o © 0,135 | 0,115 ..
1,000 - | - 0.173, Y 0,107 | 0,090 1
1.250 . 0.119 : 0,072 0.060
1.500 © 0,086 - 0,051 0.0k3
1.750 . . 0.065 | - 0,038 0.032 .
2.000 0.051 ° 10,030 | - 0.025

Table 9 11 Select1v1ty for benzene
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EMN+10"12(V-cm )

02 CTHB

2.0

ho | 6.0

0.125
0.250
0.375
0,500
0,625
0.750
1.000
1.250
2,000 .

0.0k0 -

0.196

©0.256
0.299

0.328
0.349
0.362
0.378
0.385

. 0.387

- 0,063 0.07T4
0.170 0.189
0.254 - 0.272
0.307 0.321
0.340 - 0.350
0.359 0.366

0.378 . 0,381
. 0,385 0.385

-0.386 0.38%

0.371 0.375

0,387 0.385
[ 0.385 | 0.382

- i
: 1

Table 9, 12 Selectlvnty for benzaldehyde(P

7“

EN107P(v-en

E)f

2.0

o - "p 6.0

S0.125

10,250
Ol375 .

. 0,500

0.625

L 0.750 -

: O-BTS'QJCff
1.000 .

S Ll.250 ]
1,500 )
-1.750
2.000

o 0‘028-.&
0,098 -
FIRR T '
L 0.239 - )
'i50.2901'¢_ o
D 0.03R9
©o0.kls
0.438
0.5k
0.460.

7 0.387 |- o.hok

| oush | 0,466
L0412 | o0.h482

. 0.049. | 0,059

S 0.2h2 0 ) 0,265
0,354 FL 04373 ) v

S 0411 ] ouhee
C0.b429 0 | olkbe

Cookgh | rowmez |
0.49k 1 0,502

| Ee 93 Selectivity for R0 (g e Omig)




E/N+20717 (V-cm 2)

0

0.125 | 0.008 | 0.012 0.014
0.250 | ‘o0.02k .| 0.03% 0.039
0.375 | o.0b | 0.05% | 0,057
| 0.500 ©0.055 | 0.066 | 0.069°
o0.625 | 0.065 | - o.oth | o0.017
0.750. 0.073° | - ©0.080 | o0.081 E
- 0.875 0,018 | . 0.083 | o.08s |
| 1000 0.082, . | 0.086 0.086
©1.250 |, 0087 | o0.08 | o0.089
1,500 - | 0.090 | - 0.090 .| 0.090
1.750 - 0.092 S 0.091° -} 0.091
2.000 - | 0.093 | 0.001 10,091

‘n 80 . Hg) T

Table 9;1h Select1V1ty fbr phenol (P
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i

~of toluene equal to 20°+10

0. .0058 cal/sec or 0.3 calorles per mlnute. This explains why the

9.2.7 Heat of reaction

* Although no temperature incresse was noticed, it is still of
interest to calculate the heat_of'reaction for the different reactions.
Thermodynamic data of the different reaction products are tabulated in.

appehdi# I. No data was found for benzyl alcohol and benzaldehyde,

-apart from the heat of formation. It was therefore necessary to esti-

mate the thermodynamlc values for AH y &nd AG0 The method - ﬁsed to

£

.. evaluate these functions is descrlbed by Wéstrum, Sinke and Stull lﬁ%l

From the tabulated data we obtained the following values. . . if o

C.Hg + 06 6 * H20 + €0, AH6 -143.95 kcal/mole

T 00

CTHB + 02 + CTHTO + H20 AH600 = ~77.28 kecal /mole

c,r g + 20 + C6H60 + H 0+ co,, AH600 = -186,17 kcal/mole

CHg + lo, + cH cGHhon AH60 = -41,96 keal/mole o ‘r/'

Cotg + %0, + csascn oh AH6 -43.22 kesl/mole

00

The average selectivity gives the following composition: 15% Celgs
L0% CeHsCHO, 1% CeHlsCH,

an average,value for the heat of reaction_of -83.0 kcal/mole reacted.

OH, 30% CHyC,H)OH, and 8% CgHsOH. . This gives

The heat liberated in the reaction, assuming an average reaction rate

Tmoles/l.sec., ig: 2+10 =6 0. 035 x 83000 =fr-'

temperature effect cannct be sFen. The'values for the free energy of.
react:on are all sbout the same as the heat of reactlon, apart from e
that of eresol and benzyl alcohol for wh1ch the values of AG are .JV;_?.'

-33.6 and ~34.2 keal/mole, respectively.
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110.1

CHAPTER 10

CONCLUSIONS AND FUTURE WORK

GENERAL CONCLUSIONS

The 1nvest1gat10n of reactions of toluene and oxygsn 1n an
electrical dlscharge has shown that the chemical reactlon 1s greatly
enhanced by the electrlc field, The dlsappearance rate of toluene

depends on fhe reactant ratio, the partial pressure of_oxygen and

the electric field. The effect of the electric field was found to

correlate well with.the parameﬁer E/N, ﬁhere N is the number density |
of the molecules and E is the electric fiela strengt | It'ﬁés éhown.
that the rate of formatlon of benzene was proportlonal to the toluene
to oxygen ratio. |
The threshold enefgyléf the-reaction was estimated at about 10 ev;_
The overall reactlons occurring in ‘chb discharge aye represented
bj the scheme.
+ 033C6Hu0H

C.Hg + %02

¢ H8 +.02 > 0635030 + 320_-
C H8 + 3/2(02) -+ C6H6 + H20 +_CO?

c H8'+_202 -+ 06H50H + H2Q + C02

C H8 + zO > C6H CH OH

/benzene,ring'
No decomposition of the ' - was cbserved in any of the ex—~ .

periments performed. The electric field was the main controlling
factor in production of cresols, phenocl, benzyl alecohol, and benzal~
dehyde, whereas the production of benzene was mainly controlled by

the toluens to oxygen ratio.




10.2

The features of the discharge were also studied and a model
was proposed to explain some wnusual characteristies found.

4 rate expression was derived for bimolecular reactions in a

~cold plasma. A comparison was made between the praoposed rate ex-

pression end the experimﬁntalArates; It was fownd that the simple
model agreed extremely well with observed rates.

It was suggestod that the chemlcal reactor should be character~ '
ized by twe electrical parameters, the electrlcal c&paC1tance and |
the Paschen curves.. The energy dissipation and the-dlscharge current
coulﬂlbe correlated by E/N or at coﬁstant température bf E/ﬁ. |

"It was found that the discharge'current couid be oﬁtained by
filtéring of the total current, A compariéon ﬁas‘made between dis-—
charge current obtained by filtering and.éischarge current oﬁtained N
fron phctogréphic methods. The average of the photbgraphiC‘éurrent,
instantaneoué curfent; was found to agree well with'the filtered_
dlscharge current. | .

' Tha energy yield obtalned was about 100 grams/kWhr or an energy _ 

requlrement_of sbout 1 kUhr/mole_toluene.

FUTURE WORK
t is recommended that further work s_hquid be carried out 6
investigate nore fullj-the‘reaction rates of toluene aﬁdqoxygen‘in
a capacitive ac discharge reactor with special emphasisldirectéd'
towards the following effects.
| (i) .The reaction rate of benzaldehyde and crésols and the -
dependence on the partial pressure of toluene.

{ii} The effect of inert gases present in reacticns of toluene .

and oxygen, and its effect upon breakdown voltages.




Tae dilution with an inert gas can érovide us wiﬁh é'method'
of producing electrons of a certain eneréy.‘ Also.it ma& be inter-'.
estiﬁg from the design aspect to make more acéurate detérmiﬁgtions
of the breakdown and the extinguishing voltages. Ve feei that guch
.measurémeﬁts Wili enable‘é'pricri estimations of the discharge
current from the Paééhen curves for-a.particular gas.
| The effect of freqﬁenc& is alsﬁ ah'area‘in Whiéh future‘work_
may be réwardihg éince this“prévideé us'with a way of increaéing
the power input'to an electrical dischafgé réactor.

1t would he 1nterest1ng to apply the derlved rate expre351on
on other reactions in the same type of dlscharge reactor, for
1nstanc¢, chlorination of hydrocarbons. _

Finally, we feel that the oniy commefcial‘appiicaxioﬁ of.tﬁé..ﬁ
capacitive discharge {cold plasmé) will be in the production of
~active species that would otherwise be unstable or decompose at
| hlgher temneratures, although some 1ntereet1ng anpllcatlons may be _

. found in chemical gjnthes;s of more complex organic molecules.
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APPENDIX T

TABLE 1  IONIZATION POTENTIAL OF HYDROCARBONS |62,63]

water

Compound Ionization potential
eV
Methane 13.12
Ethane 11.65
Propane 11.21
- Bubane 10,80
Penbane 10.55
Hexane 10.k3
Heptane ©10.35
Octane 10.2h4
Nonane 10.21
. Decane 10.19
i-butane 10.79
i-pentane 10.1
- 2-methylbubane 10,6
i-hexane 10.0
2-pethylpentane 10,3k
3-methylpentane 110,30
2,3~dimethylbutane 10.24
- ¢-propane 10.23
- c-pentane 11.1
c-hexane : 10,3
‘methylcyclohexan 9.9
- ethylene 10.56
propylene 3.80
~ butene-1 9.72
. cis-butene~l 9,3k
trang-butene-1 9.27
benzene 9.k
toluene 3.20
o~Xylene 9.0
p-xylene 8.9 .
m-xylens 9.0
Dxygen 12.1
nitrogen 15.60
hydrogen 15,hk
12,67

“m=Alkanes

a

iso-Alkenes : . -

' éyélovAlkanes_ 

| :
|
} .'
|

Alkenes

Aromasies



PHENOL CgHc0 (Ideal gas state) Molwt: 94,108
g cal/(mole deg X) keal/mole _
K log K,
- ) 0 }.0.0 0 0 2
cp. 5 |E -y | OHp AG.,
298 24,75 | T5.3| 0.00 | -23.03{ -7.86 | 5.763
300 2k, 90 75 . 4% 0.05 -23.05 | -T.77 5.661.
%00 | 3245 | 83.82) 2.93 | -2h09 | -2.51 | 1.369
500 38.6L ) 91.75) 6.50 | -2k.90 4} 2.99 - {-1.306
600 - h3.54% | 99.24 | 10.61 | -25.53 | 8.62 {-3.1k0
700 L kb | 106,26 | 15.17 | -26.01 ; 24.36 —y.uae
800 50.62 { 112.80 | 20.07 | -26.38 ) 20.1% |-5.502
900 53.26 | 118.92 ] 25.27 | ~26.64 | 25.98 . [-6.308
1000 55.L9 | 124,651 30.71 | -26.80 31.84 {-6.958

Scurce: Stull, Westrum and Sinke

Table 2 Thermodynamic data for phenol

3

BEUZYL ALCOHOL C_lHz0 (Ideal gas state) Molwt: 108.13%

0 cal/{mole deg K) g kcal/mole . -
T°K ' - : log Kp
0 0 {,0.0 0 o -
CP S q H298_ AHf AGf
298 28,2 | 86.2 0.00 | =-31.,20 | -9,5k4
300 - 86,4 .1 0.05 ~3L.23 ] -9.h1
500 - 95.7 3.32 | -32.8L | -1.89
500 - 10k, 7 T.37 | -3k.16 { 6.01
600 - 113.% | 12,12 ~35.20 | 1b.14
TOO - 122.7 F 17.51 ~35.99 | 22.43
Source: Estimated Values, Janz:tThermodynamic Properties of _
3] . .
Orgsnic Compoundst London, 1967, Academic Press.
Table 3 Thermodynamic data for benzyl slcohol
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' O~CRESOL (Ideal gas state) Molwbt: 108.13%4

5 cal/(mole deg K) _ kcal/ﬁole o
.T K _ . _ . _ ~ log KP
¢ S s SN B o X
298 | 31.15 | 85.4T{ o©0.00 | -30.7h | ~8.86 | 6.kor
300 31,31 | 85.671 0.06 | -30.77 | ~8.72 | - 6.353
100 9.7% | 95.86| 3.63 | -32.071 | ~2.26 0.635
500 86,91 1105.52] T.97 | -33.11 | 6.69 | -2.923.
600 52.77 | 114%.61 | 12.96 | -33.94 | wh.72 | -5.362
- 700 57.56 {123,11 ] 18.4%9 -34.58 | 22,89 | ~T.1L7
800 61.55 1131.06 | 2k.LL4 |} -35.06 } 31.13 -8.503
900 65.25 1138.53( 30.78 | -35.38 | 39.43 |  -9.573
1000 66.82 {145.99 | 37.49 | -35.50 [-45.75 | -10.436.

‘Source: Stull, Westrum and Sinke, "The Chemical Thermddynamics_

of Orgenic Compounds", Wiley & Sons, 1969.

Table b Thermodynamic properties of o—cresol

BENZALDEHYDE ¢ H,O

7
o cal/{mole deg K) - keal/mole
™K : : ‘ : _ log K_
0 0 0.0 1 ,0 0 ok
| [ | My |2
298] 26,0 | 82.3 | 0.00 =760 | 5.92 }
300{  26.1 82,5 0.05 ~7.62 | 6.00
L00 33.0 90.9 | 3.02 | -8.83 [10.72
500 39.3 99.0 6.64 ~9.87 |15.74
600 45,0 [106.7 | 10.86 [-10.76 {20.94
TO0 Lg.9 11h.0 | 15.62 -11.,48 |26.27

Source: Estimated Values, G, Janz, "Thermodynamic. Properties cof

Organic Compounds', Academic Press, London 1067.

Table 5 Thermodynamic properties for benzaldehyde
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' WATER H,0 (Ideal gas stabe) DMolwt: 18.016.

o calf(molé deg X) kcal /mole
TK '
o o] 0 0_,0 o | .0
¢, s H-Hygg | Mo AG,. log X
298 8,03 -t 45,21 | .0.00 | -57.80 | -s5k.6L.| Lo.O4o
200 | 8.03 | 5.6 | o0.02- | -b7.80 | -5h.62 | 39.788
koo 8.19 47.49 0.83 | -58.0% | -53.52 | 29.2L1 -
500 | 8.2 | k9.35 | 1.66 | -58.28 | -53.36 | 22,887
600 8.68 | 50.90 | 2.52 | -58.50 | -51.16| 18,634
TOO 8.95 | 52.26 3.h0 | -58.71L § ~49.92{ 15.585
800 | 9.25 53.58 | 48.10 | ~58.91 | -48.65 | 13.290
900 .| 9.55 54,38 | L48.76 | ~59.08 | -47.36] 11,499
/1000 9.85. | 55.61 49.39 ~59,24 | -L6,0h | 10,062
Source:: Stull, Westrum and Sinke |
Table 6 Thermodynamic properties of water
,' CARBON DIOXIDE ccg- (Iaeal gas statej Molwt: Lh.010
- cal/(mole deg K} keal /mole
TOK e _ log KP
0 0 0_.0 0_0 0 0 2
Co S -(G —H298)/T B -Hagg A, AG,
298 | 8.87 | 51.07 51.07 0.00 -9h,05 | ~9L.26§ 69.091
300 | 8.89 | 51.13 51.08 0.02 ~9k.,05 -9&.;6 - 68,668
hoo | 9.87 | 53.83 |  S1.hk 0.96 | ~gk.0T | -9%.33| 51.535 | .
500 |10.66 | 56.12 52.15 | 1.9 ~gk,09 | -9h.39| k1.255 |
600 |31.31 | 56.12 52,98 3.09 | -9k.12 | ~9h.k5 | 34500
700 [11.84% | 59.90 53.8k4 k.25 =9b,17 | ~94.50] 29.503
800 |12.29 | 61.51 54,70 5.45 ~9l,22 | -9h.54( 25.826
900 |12.66 | 62.98| © 55.5k 6.70 | ~0k.2T | -94.58] 22.566
1000 | 12.97 | 64.33 56.36 7.98 ~9k.32 | -9k.61] 20,676

Source: Stuil, Westrum and Sinke

Table 7 - Thermodynamic properties of carbon dioxide .
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TOLUENE . C, Hg (Ideal gas state) Molwt: 92,13k

7
o - eal/{mole deg K) : keal/mole '
TK : 4 log Ké
0 - 0 | ;0 .0 'yl g 0 0 .
| ¢, 87 i-(c d298)/i H-fygg | 0y Ric |
298 | 2h.77 | T6.6L | ... T6.64 |- 0.00 11.95 | 29.16| -21.3T6
300 | 2494 | 76.80 | T76.65 . | ~0.05 11.92 | 27.27| -21.320
boo | 33.48 85.17 T7.73 2,98 | 10.34. | 35.30| - -19.287
© 500 | 40,98 | 93.47 80.05 C 6,71 9.05 hi.T10 -18.225
600 |{ ¥7.20 |101.51 | 82.96 | 11.13 8.02 | 48.32| .-17.599
700 | 52,33 |109.18 86.16 16.12 - T.2h | 55,11 -17.205 -
800 | 65.61 |116.45 89.50 21,57 6.65 | 61.98| -16.931
900 | 60.23 {123.33 92.88 27.41 6.2h | 68.93]| -16.736
1000 | 63.32 |129.85 96.25 33.60 | 6.00 | 75.91| -16.589

Source: Stull, Westrum and Sinke, 1967

Teble 8 Thermodynamic properties of toluene

BENZENE CHe (Ideal gas state) Molwt: 76.106

o cal/{mole dez K) . keal/mole :
$ K _ log Kp
_cg N 0 Ho—sgga AH) _‘AGg‘

298 19.52 | 64.34 0,00 | 19.82 | 30.99| -22.714 |

30 19.65 | 64.35 | 0.0b | 19.79 | 31.05| -22.623

40 - 26.7h 7111 2.37 | 18.56 35.01 -19.126
500 .80 | 77.75 5.36 | 17.54 | 39.24| -17.152

600 37. T4 gk,18 | -8.89 16,71 | k3.66 -15.90L

700 © L1.T5 90.3L | 12.87 | 16.04 | 48.21| - -15.051

800 45,06 66,11 | 17.22 | 15,51 | 52.8%| -1h.h3k

900 47.83 101,58 | 21.86 | 15.10 | 57.53] -13.97C
1000 50,16 | 106.7h | 79.98 | 26.77 | 1k.82| -13.608 |

Sourge: Stull, Westrum and Sinke, 1967

Table ¢ Thermodynamic properties of benzene -




kcal/iole

bond D(ﬁ-—r}_{) ldond D{R-X) |
e 104 HzC-Cily : 38
Cﬂé- 103 HyC-CyH, :Eas
He C£H5 98 H3C-CoH, 26
H- CaH4 '.59 | 50 cuc,n5 .‘”31
_h-cd(cﬂi)z 94 HgC-CO __1y
H-CHCH, 106 C=0 257
H~CHQCHCH2 87 0C=¢ 127
HeC Hb 110 éc -0H 90
{-CH, Gl 85 5L -F 108
ﬁ-cocai 86 Hﬁc C1 81 B
T 104 e 226
H-0 | 102 H N -RE,, 59
'H—Ozl 47 N=0 151,
H-03 119 0=0 119
ﬁ-écai_ 100. HU-OH -5ﬁ
H-F - 136 - 0=80 32
HeSH 91 Fog .59
H-CX 103 ¢1-G1 58
Hebr | 87 Br-Br 46
H~I 71 I-I ‘36

Table.10.

Bond dissociation energies
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Interpolation should. be performed using reciprocals of the degrees of freedom.




APPENDIX II:2

Tine Net time Voltage .| Net voltage E(9) 8
sec. sec, . mV mV
0 - 13k -
20 - 137 _
Lo 10 1kl C0
60 30 - 138 - 0
80 50 130 0 -
100 70 130 .0 :
120 90 130 0
140 110 125 .0
160 - 130 123 -0
180 1150 122 o
200 170 121 o
220 190 S 116 0
2Lko 210 115 0
260 230 11k 0
280 250 11k 0 -
300 - 270 113 . 0 | :
320 290 118 5 .00 .65
340 310 222 109 - CLOT 1 .69
360 330 TOU 501 .38 .73
380 350 1725 1612 1.05: | 1T
koo . 370 2977 - 2864 1.86 | .81
koo . - 390 727 361h 2.35 1. .85
- Lko h190 L2716 W63 - 2.7L .89
L60 - k30 4430 k317 - 2,81 WGl
480 450 L4218 4105 2,75 {0.978
500 470 - 3756 3643 - 2,37 11.018
520 Lop 31k7 3034 1.97 {1.059
540 510 23001 12187 1.hk2 [1.100
" 560 530 19%0 1877 1.22 (1.1ik1
580 550 1525 1k12 0.92 §1.181
600 570 1157 104} 0.68 [1.222
620 590 2888 175 0.50 {l.262
640 - 610 690 577 0.38 |1.303
660 630 sL0 R =Y SR 0.28 | 1.34h4
680 650 434 321 - 0.21. 11.385
700 670 358 ohs 0.16 [1.h2g |
720" 690 301 188 0.12° | 1.465.
740 710 258" 1hs 0.09 | 1.507
760 730 227 11k 0.07 | 1.55
780 750 302 - -89 0.06 | 1.59
800 TT0 . 184 7L 0.05 |1.63
820 790 169 56 0.04% }1.67
8Lo 810 159 L& .03 [1.7L
860 830 150 37 - 0.02 [1.75
880 850 1h2 29 - 0.02 {11.79 .
900 870 137 oh . 0,01 }1.83
920 890 - 130 17 0.01 |1.87
oho 910 127 S 1k L0,01L [1.91 -

Table 2  Residence time distribution
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APPENDIX II: 3

P vign Vext 1% : vign vext
mm Hg volts volts mm Hg volts volts
- 3k.0 800 750 | 327.0 5300 4700

43.0 1150 950 | 363.0 5800 - 5200

55.5 - 1500 , 1350 | 3681.0 '~ 6000 - - 5400
67.0 1550  1%00 | 418.0  6800. - 5700

78.5 ~ 1700 1500 | k2h.0- 6700 - 6100
111.5 2000 1800 | 475.0 - ThOO . 6900
126.5 2150 1950 | 523.0 = 6800 . 7200
150.0 2250 2050 | 534.0 8200 7500
161.5 2500 2250 | 605.0 8500 - 8400
18%.0 . 2600 2h50 605.0 = 8700 © 8500
199.5 2800 2600 | 673.0  9koo~  9hoo
225.,5 3250 2950 | 675.0 9200 9100
251.0 3500 3100 - | 750.0. 9900 . 9900
273.0 3800 3500 | |

Table 3 Breakdown voltage in oxygen/toluene at 20%

250°% 300°¢C. : 350°¢

P v, v P v

ign ext ign  ‘ext P vign’ vext
me Hg volts volts {rm Hg volts  wolts | sm Hgx wvolits volts

69.0 1350 1000 | S52.0 1000  900. . | 50.0  8oe 790

95.5 1500 1200 | 72.0 1150 1050} 67.5 900 890
121,0 1675 1350 | 90.0 1300 1200 | 115.5 1200 = 1175
8.5 1850 1550 |106.0 1400 1300 | 156.5 1k00 1390
168.0 2000 1650 |143.0 1650 1550 | 1Th.5 1500 ©1kg0
197.5 2250 1775 |128.0 1500  1koo | 200.0 1625 1600
175.0 1850 1750 |
197.0 1950 1800

Table % ~Breakdown voltage in toluene and oxygen
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LIST

SIM
5
8
Y
20
30
40
50
60
. 65
78,
75
80
90
199
119
‘120
130
140
150
169
208
265
213
229
300
319
315

339
349
345
348
350
360
379
380
390
580
5106
529
537
540
550
999

UL, - #8:25 P4 @6-NOQU-T4
OPEN "“DATA.SIM" AS FILE t
OPEN "“SCRAP'" AS FILE 2 :
DIM #2,UC1860),CC10080), U<1@@@>
DIM #1,XC1388),YC1a88),5(2) -
PRINT"GIVE VALUES FOR R1,Cl, Ra,ca,ue,w"
INPUT R1sC1,R2,C2,UB,W1 :
PRINT"™ GIVE VALUES FOR UI,UE"™
INPUT Vi,ve
Zi= Rl*Cl+R2*Cl/SQR((WI*RE*CE)**2+1)
Zo=14+ W *Z1)%%2 ¢+ U329
Z3=SAR((WI*R2*xC2) k% 2+1)
FOR I=1 TO 10069 E
Yo=2E-SxIxWi : W5zQE~-5*%I/Z1
IF W5>59 THEN WS=50 C :
UCI)=UB/Z2+(COSCN2I+W 1 %Z 1 ¥ SIN (W2)-EXP(~W5))~U3
CCIX=CUWI*Z1IR*2KCOS(W2)~ w1*21*51m<w2)+gxp< VS)
C(13=CC1)*UB*Cl/Z1/22
V(IY=CCI)*R2/Z3
IF_ABSCUCIN)I>V1 THEN 200
GoTo s@9

UCId)=V3%S51 z C(IX)=S1%(V1i-U3>)/Z21x%xCl
J(1)=UCI)+R2/(RI+R2)*x(VI~U3)>%51}
Ue=S1#%(Ui-U3> : U3=U3+U2

FOR J=K TO 1600 . o
Il=J+1=-K : Wa=J*2E-5xW} : W5=I[%2E-5
W6=53

UCd)= Uﬁ/ZQ*(COS(W4)+Nl*Zl*SIN(WA) “EXP(~W§))-U3
CCUI= (U LHZ1)Hk2xCOS (WA= 1xZ ¥ SIN(WA)+EXP(-U6)
ClJI=CLJIXUIKC1 /21722

W7=(R1+R2)*W5/R1/R2/C2 ¢ IF U7>5% THEN W7=50
V(JI=CCJII*RR/ZI+RE/ (RI+R2I X (V1-V3I#S[*EXP(-UT)
I=d

IF ABS(UCJ))<V3 THEN 508

\LE_ABS (UCJ))>V] THEN 209

NEXT o

NEXT I

FOR I=] TO 1009

X(1)=2E-5%1%100

Y(1)=U(I)/20080+2

NEXT 1 ' ' o

SC1)=2 : $(2)=5 : CLOSE 1 : KILL “SGRap"

END ' ‘

Figure 5, = Computer Progrqm for discharge simulation
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K=I+1 : SI=UCL)/ABS(UCI)) ¢ V3= (UB*(S+S!)+V1*(I-SI))/&1
A




IR
3TAT

50
55
&5l
74
75
1)
95

1At

110
115
120
124
129
130
135
14
145
153
155
160

165

170
175
180
185
193
192
195
197
200
2015
214
215
504
305
514

gZt15 Po S 21-AUG=TS

DATN 4. lﬁ:ﬂ-75’4.39s4-3a34-14’ﬂo 7!4-1794- O:4.19&&Qﬂ4r

BATA Z681» 190 s 220

DATA 9ql9ﬂslﬂﬂ)lﬂﬂ’liﬂ!llﬂllaﬂ!ldﬂ!ld“’l}‘

1

515,

- 518

520

221

522

523
524
525
&4
6015
&1
515
6124
625
636
635
6 4{]

[

643 -

6474
646
6AT
A48
AAY

TRE

VAT Be 65506765000 673:0.755:U-74pdo9’ﬂ Tisia 95b:£-7di

DATA D1e87520. 7653485527370 39004358e935

UATA 8398¢;9ﬂ:9ﬂ9lqﬂ’ljjyllﬂﬁIlﬁrlaﬂilaﬁ’ldﬂ’ldd’lﬂﬁ

DATA 140 158,158
ANSTER PROGRAM REGRESSION

DI YC16Ys3C5)sRI5Is (53 B(S):ﬁ(ﬂrS),X(Qslé)

PRINT"UALUES .FOR NsM2"SINPUT §s |
PRINT" START MATRIX X7 K(l!l) X(l’g)’,,,’"
MAT READ X{N»™M)

MAT READ YD)

GOTO 145 .
PRINT™NEW X MﬂTRIK’“ MAT INPUT XCNsod

CINPUT TYUIYIM)

N1=N
GO SUB 6001 MEAN _

GOSUB  5PEY ANTRIX SETUP
GOSUB 7941 SAUARE

GOSUB 888! . MATRIX INVERSION
GOSUB 75@! © MAT MULT

Ta4=0 3 FOR I=1 TO N
T4=T4+BCIY*RCIY ¢ NEXT I
TA=T2~-T4 ¢ T4=T4/(M=N-1)
T4=8SARCT4) '
PRINTSPRINT
PRINT" STANDARD ERROR IN Y="3 T4
GOSUB 9ap! : : :
PRINT:PRINT™4ORE qanuLs° TES=t NO=O"
INPUT T6
IF Té=1 THEN 135
GOTO 999

MATRIX SET-UP _
FOR I=1 TO -Nl: FOR J=1 TO |
ACIsdd)=( : FOR K=1 TO #
ACEsJI=ACTs I+ (RCTH»KI=8CT)) 5 CXCIP KD =3CId)
NEXT KeaNEXT JSNEXT I
IEF T7=01-N=-1 THEN 525
PRINT:PRINT:PRINT"MATRIX SET-UP"
FORI=1 TO ul-FOR J=1 TO N1
PRINT" mc";IsJ;ﬂ)—"°nc1 J)
NEXT JeNEXT 1 '
RETURN

SUBROUTINE MEAN UALUES

FOR I=1 TO Nl 2SCI)=g ¢ NEXT I
FOR I={ TO Nl : Ti=3
FOR J=1 TO ¥
SCId=SCII+XCIsdy ! SUM X

Ti=71+7(J) ! sS4 Y
" NEXT J

5¢1¥=5Ci)/" ' { MENAN X
CNEXT I

T't=T1/% ! MEAN Y

IF TT7=:=N-1 THEY 658
PRINT:PRINTIPRINTMENAN VAL UKS"
FOR I=1 710 NI

PRINT" XCH3L57)="53C1)
NEXT f: PRINT” =150
RETURN '

Figure 0. Computer program for regression analysis



765 FOR I=1 TO N ¢ RCOII=0 1 NEXT 1.

781 FOR I=1 10 N1 : Tg=8 @ ¥0g J=1 10 4 '
7S RCDISRODI #(YCII =TI #(XCLsd)=5C12) 1SQUARE XY

728 UCIY=UCII+H(XCE»JI=-5C1I) 12 1SQUARE X112

725 Te=Ta+(y(J)=T1dra ¢ NEXT J S

CTed NEXT I - -

73 IF Tl=M-N-1  THEN 735

731 PRINT:PRINTSPRINT' SQUARES"

734 FOR I=1 TO N :
733 PRINT : xc";1'")1g“",uc1>."xc";1;“>kf—v-H<1>'
734 NEXT T:pRINT Yrg="s (L

735  RETURN -

750 MATRIX MULTIPLICATION

752  T8=0 |
755 FOR I=1 TO Ni 3 Te=g
768  FOR J=1 TO NI _
785 T6=T6+ALIsJI*RCI)
770 NEXT J : BCI)=T6
773 T8=T8+SCI1I*BCI)
775 NEXT 1 '
776 IF T7=M-N-1 THEN 785
C177  PRINT:PRINTS quﬂT"coL?Fquaarq FOR %K'
773 FOR I=1 TO Wi :

788 PRINT" ' ‘ X(";I;“):";B<I)
782  NEXT I ' o

734 PRINT" XC 0 )—"'[z-ra
7835 - RETURN '

geae ‘ SUBROUTINE ﬂAIRI% vah&SIOu

805 FOR I=1 TO NI
818 T3=ACI,1) ¢ ACI»Id)=1. _
815 FOR J=1 TO NI1:nCI»J)=N(I»J)/13
800 . NEXT. J:FOR =1 TO NI
- 825 IF K=1 THEN 845
830 T3sNCKs IYA(Ks E)=0
.335 . FOR J=1 TO Ni: h({,J)~ﬁ(&.J)~TJ*h(I J)
g4 NEXT J o
Ras  NEXT £
843  NEXT 1
850 IF T7=-N-1 THEN 855 :
851 PRINT:PRINT:PRINT" MATRIX INU"
852 FOR I=1 TO NI1:FOR J=1 TO N1
853 PRINT" - . ACT3 133" ="3A01,d)
354 NEXT JeNEXT [ . =
855 RETURN ' :
SUBROUTINE - VARINNCE ANALYSIS

I
YA PRINT:PRINT :
9745  PRINT"REGRESSION | ' 55 . bDF ' Ms o FY

QIR Fh=#sst#eksIH ¥4 FEA BB IR pHFedr M
"915  Ta=g sFOR Isl TO NI o ‘
940 T4=TA+BCIYKR(IY 3 NEXT {
925 T7=M=3-1
927  IF Nt< N THEN 9;ﬂ
" 9u3  BN)=T4 _ ' :
637 PRINT"X1-X"3NIs2BRINT USINGFSs T4sN1s Ta/NLs T4ZN K1 T/C[2=-BN))
932 0 Ni=sl-{ '
935 [F Ni=N-1 THEN 952
956 TY=EB(NI-T4
YATPRINTINCREMAEIT s tPRINTUSINGF s 195 15 [9» TO/CT2=UCNI IR [T
945 PRINT'RESIDUAL"» :PRINT USINGF$» 1a=BON)» TTs (T2-B(NII/TT
G447  GOTO 974 o - -
Ghil  JCNI=T4 3 GOSUSD 630
955  GOSUB 58 3 GOSUB 740
9 AN GOSUD 30D @ GOSUDB 758
965 GOTO0 915
973  PRINTIOIALY, sPRINT USINGE Fi» Tlien~1
97%  RETURN g
5949 END
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APPENDIX III

EXPERIMENTS IN A BATCH REACTOR -




EXPERIMENTS IN A BATCH REACTOR

Run numbey 1 2 -3 L 5
Temperature (°C) ol 260 255 260 260 .
_ 'Residencé time (min) 8 § 10 10 6 6

/| Partial pressuwre | 521 [ 530 [s25 268|268

5 (02 (mm Hg) - _ | -

E Partial pressure 37 37 37 €8. sk

| Toluene {mm Hg) ‘ |
ce toluene _ 0.3 | 0.3 0.3 0.3 0.3

2 | Pressure 02 lum Eg) | 300 - |300 300 |150  |150

™ | Bath temp. (°C) 30 30 | 30 43 38

S Discharge time (min) 5 10 0 5 ¢]

% Frequency - - - - -

§ 9 discharge - - - - -

x| Benzene .23 .09 o1 B R 1 .00

© | Pherol .36 SL 00| 0 LS .07

%‘: Benzaldehyde 5] ss] .2 sl .03

" 51 Benzyl alconol .29 .27 00 .15 .00 |

f; Benzoic acid L00) L0 L00)] . .00} .00
Total pressure’ . - :
 after reaction (mm Hg) | 336 336 335 168 165
.oxygen/toluene ratio 14 1k 14 b0 5.0
CONVERSION o ‘
Gas phase (Mol %) Th 73 2 39 &
Liquid phase (mol %) 1.35 1,28t 0.03 1.26 0,10

gé | SELECTIVITY A

ﬁ Benzene .0t .01 - 0L ~
Phenol LT <07 - R -
Benzaldehyde - .33 27 - Wil -
Banzyl alcohol .22 .21 - S W12 -~
Benzoic acid .00 .03 - .00 -
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EXPERIMENTS IN A BATCH REACTOR -

Run number 6 T 8 9 © 10
Temperature (_OC) 2o 260 310 315 350

o Residence time (min) 5 - T ‘5' 10 5

% Partial pressure . : p c :

H 102 (m Hg) - 86 90 | 196 197 209

h Partial pressure A o ' ' :

.| toluene (um Hg) W b3 o 66 oL 93

o | cc toluene : 0.3 |.0.3 |..0.3 [.00.3 N 0.3

E- Pressure 02 (rm Hg) 50 50 100 {100 (100
Bath temp. (°C) 35 33 k2,5 | 49.5 | 50

& | Discharge time {min) 2 0 0 o 0

g Frequency ' - - — - -

é % dischaﬁge - - - - -

a

m | DBenzene .02 | JO0L 005 O )0

:;42& Phenol _ .11 .00 .CO .00 .00

% o4 Bensaldehyde | W16 .02 .0 A1 .01

i * | Benzyl alcokol .03 00 -} .00 j.00 .00

¢ | Benzoic acid .00 .00 .08 .00 .00
Total presswre : S
after reaction 68 50 158 122 © |'136
oxygen/toluene retio 1.8 2.1 3.0 2.1 | 2‘2
CONVERSION | o -

) Cas phase (mol %) ik 1 3 3.5 3

o |Liquid poase (mol %) 32 .03 | .20 12f .02

g SELECTIVITY. ‘

‘8 | Benzene .06 .00 .00 .00 .00
Phenol .3k - - - -
Benza.ldehyde .30 - - - -
Benzyl alcohol 10 - - - -
Benzoic acid CO - - - -
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EXPERIMENTS IN A BATCH REACTOR

Run number 11 12 13 14 15
 Temperature (°C) 340 3h5 346 345 LOO
‘| Residence time (min) | 10 5 20 | 65 10
'§ Partial pressure 205 {311 309 {3112 338
3 o2 (rm Hg). \ o .
& | Partial pressure 96 170 178 186 218
Toluene (mm Hg)
ce toluene 0.3 0.3 0.3 | .03 | 0.3
8 | Pressure 02 (m Hg) 100|150 * | 1k8 {a1so {150
= | Bath temp (°C) 50.5 | 64.5 | 66 67.5 | TL -
i | Discharge time (min) 0 0 0 Q 0
. E Frequency | - - - - -
% A discharge : - - - - -
0 Benzene 0L .02 . W02 .07 LOb
8 | Prenot 00 00 .03 27 .06
%i: Benzaldehyde .02 oI B - .35 b
.~ | Benzyl alcohol - .00 .00 .00 .00 .00
= | Benzoic acid 00| .o0] .00 .00 .00
Total pressure 136 | 190 184 179 186
after reaction (mm Hg) ' . - .
oxygen/toluene ratio 2.1 1.8 1.7 1.7 1.6
'CONVERSION | | -
Gas phase (Mol %) T 9 231 1.8 3.1
» Ligquid phase {mol %) .03 .06 AT 60 .26
8 | SELECYTIVITY |
£ | Benzena - - - Al S .15
Phenol - - - .28 .23
Benzaldehyde - ~ - 58{ .54
Banzyl aleohol - - - .00 00
Benzoic acid - - - .00 .00




EXPERTMENTS IN A BATCH REACTCR

 Run number 16 17 180 |19 20"
Temperature (°C) 290 300 300 N0 {295
5 Residence time (min) L k i 5 5
5 |Partial pressure 189 288 .385 195 95
3 o (m s | c 7T
" |Partial pressure 151 141 140, 1k 141
Toluene {(mm Hg) ' .
. -
o ce toluene | 0.3 O..3 0.3 0.3 0-3 N
;%i. Pressure 02 (mm Hg) 100 150 . | 200 100 50
Bath temp (°C) 60 60 . | 59.5 | 60 60
B |pischarge time (min) S 1 20} 10| 20| 20
E Frequency - - - - -
_g % disehargé | - - - - -
wy |Benzene .10 .09 .06 .09 .06
' gm Phenol a6 L2 .00 .31 .19
o [Benzaldehyde 21 007 W3b| .15
3 ” |Benzyl alcohol .05 AT .00 13 .03
o |Benzoice acid .00 .00 .00 .00 .00
Total pressure b 183 530 133 760
after reaction (mm Hg) . ‘ _
oxygen/toluene ratio 1.3 2.0 2.8 1.4 Q.7
CONVERSICN R o
 leas phase (mol. %) 9.0 | 19 .9 | 1s 7.3
& Liquid phase (mol %) 581 1.17 3 R B R T
g SELECTIVITY. ' o
" Benzene 17 .08 - .10 .13
Phenol .28 .36 - .34 L1
Benzaldehyde .36 .35 - ..37 .33
Benzyl alcohol .09 W15 - L1k ..OT
Benzoic acid .00 .00 .00 .00 .00

* ILight flash inzide
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EXPPRIMENTS IN A BATCH REACTOR

21

22

Run number 23 ey 25
Temperature (°C) 300 300 |305 300 . | 300

. Residence time {min) . 2 L 10 2 o 2

& |Partial pressure 9% 196 97 1385 385

é’ 02 (mmHg) ' SR |

B {partial pressure 288 288 298 (298 298
Toluene (zm Hg) ' g

o |ec toluene 0.3 | 0.3 0.3 0.3 } 0.3

E Pressure 02 {mm Hg) 50 | 50 50 200 200
Bath temp (°C) 79 79 79.5 | 79.5.] T9.5

8 Discharge time {min) < . 1.0 ‘2'0 _ '75 1.0

g Frequency - - - - -

E % discharge - - - - -

2 Benzene .02 .05 | .06 .03 .03

% o |FRenol 00 § .08 .16 .0 .13

= o Bensaldghyde o 07 2T -_733 <11 .23

o > | Benzyl alecohol 1.57 | .99 .65 AT .59

o Benzoic scid .00 .00 .02 .00 .06
Total pressure _ 68 65 72 238 2hp
after reaction (mm Hg) y : | SR
d}qygen/toluene ratio ;3. .3 .;3 1:3 1-3
CONVERSION - B
Gas phase (mol 3) i2.1 10.9 . 9.3 4.9 8.0

& | Liquid phase (mol %) 1.56 | 140 | 1.22 | 65| 1.06

- 62 . | SELECTIVIFY | ' o '

% | Benzene .01 L0k .05 .05 .03
Phenol .00 .06 .13 .C6 .12
Benzaldehyds .05 .| .20 .27 .27 .22
Benzyl aleohol .9k JTO | .53 .72 .56
Benzoic acid .00 .00 .02 .00 .06

208




EXPERIMENTS IN A BATCH REACTOR

Run number 26 27 .28 29 30
Temperature (°C) 305|300 300 | 300 {300
»: |Residence time {nin) 5 2 10 Sr 5
'8 |Partial presswre | 388 |70 . |192 . [193 |192
5 02 (mm He) ' R P
Partial pressure 298 298 286 286 286
Toluene {xm Hg) .
cc toluene 0.3 0.3 0.3 0.3 0.3
B |Pressure 02 (mm Hg) | 200 [koo J100 [100 | 100
™ IBath temp. (°C) 79.5 | 9.5 | 79.5 | 79.5 | 79.5
% |Discharge time (min) 2.0 | 1.0 5.0 5.0 5.0
g Frequency - - 5.0 5.0 5.0
% % discharge - - 100 50 25
" |Benzene .03 .03 RINE .07 Ok
5 |Phenol a6 .6 .60| - 9| .12
"5 |Benzaldehyde 20| .26| .59 .3 .23
28 |Benzyl alcohol 251 .30 201 .18 W17
:—é Benzoic acid .0k .08 .08 Ok .Oh
Totai pressure ohly 129 191 136 136
after reaction {mm Hg) | L o ' _
oxyzen/toluene ratio .l'.3 2.6 'T ;?' .T '
CONVERSION |
Gas phase {mol %) 5.2 6.7 | 16.9 6.4 L7
E Liquid. phase (mol %) .69 881 2.15 L1l .60
2 |sermorTviny -
é ‘IBenzene Nolll .03 .19 .09 .07
Phenol .23 .18 .28 .2k .20
Benzaldehyde .29 .20 27 .38 .38
Benzyl alcohol .36 .34 .09 .22 .28
Benzoic acid .ob. W12 01 .00




EXPERIMENTS IN A BATCH REACTOR

Rwn number 2 | 2| » P 35
Temperature (°C) 300 {300 {300 |30 -{300
« |BResidence time (min) 5 5- 15 10 5
'8 |Pertial pressure | 192|192  |192 192 {190
5 102 {mm Hg) : : .
8 Partial pressure _ 286 286*  {o6h 270 273
Toluene (mm Hg) ' :
ce toluene 03| 03] 03] 031} 03
g Pressure 02 (mm Hg) | 100 | 100 100 . }100 99
" |atn temp, (°C)- 79.5 | 79.5 | T6 77 TT.5
& Discharge time (min) 5.0 2.0 3 .2 5
% Frequancy ' 75 - - - -
3 |% discharge 10 - - - -
«  |Benzene .01 .01 o1 .o .02
S |Phenol 0ol .or| .o0f .00f .ok
gf Benzaldehyde .10 .20 SO . BLY
= ® |Benzyl aleohor Cos| 00{ .00| .00
3’ |Benzoic acid .00 Ok .00 .00 .00
Total pressure : 133 103 125 125 121
after reaction. (xm Hg) : & . Lo
oxygen/toluene ratio .67 .67* .13 WL .70
CONVERSION - - |
L, |oes phase (n;oi %) 1.3 | 3.0 S RS T 15
;3 Liquid phase (mol_ %) ._16 .38 .02 .02 .25
% SELECTIVITY | :
Benzene - 02 - - .08
Phenol - .01 - - 16
Benzaldehyde - .53 - - .56
Benzyl alcohol - 2 - - .20
Benzoic acid - .10 - - .00

* feed is 0.3 cc benzyl aleohol




EXPERIMENTS IN A BATCH REACTOR

ho -

Run nunber 37 38 39 -
Temperature (°C) 300 310 305 (305 280
« |Residence time (min) 5 5 5 5 5
: E’"‘? Partial pressure 190 195 19k - {19k 18
§ 02 (mm Hg) SRR B _
Partial pressure 273 276 276 276 284
Toluene {mm Hg) |
~ {ce toluene 0.3 0.3 0.3 | 0.3 } 0.3
% Pressure 02 (mm Hg) 99  |100 100 100 100
|Bath temp. (°C) 7.5 | 78 78 8 79
B . Ipischarze time (min) 1 2 5 10 20*
' E Frequency - - - . -
E % discharge - - - - -
H : _
0 Benzene .02 .05 L1h 22 7.2“\
gﬁ Phenol S8 | .23 5"( 891 .55
%? Benzaldebyde 17 .37 R .38 .18
. ¥ {Benzyl alcohol - 061 15 .22 .21 .13
23 Benzoic acid .00 Ol .19 .30 .20
Total pressure 135 136 136 122 129
after reaction {mm Hg) : - .
oxygen/toluene ratio .70 .71 .70 .70 .65
CONVERSION . _ . _ 7
_ [6as phase (mol 7). 2.7 | 69 | 2.7 | 16.5 | 10.9
g_ Liquid phase {mol %) .33 85| '1.56 2.03{ .38
% SELECTIVITY | . '
Benzene .06 .05 .09 L1 i
Phenol .2h .27 .37 Akl ko
Benzaldehyde T .51 Lk .26 .19 .13
Benzyl alcohol .18 .18 o1k .1Q .09
Benzoice acid .00 .05 .12 .15 .15

*  plectrodes loose




EXPERIMENTS IN A BATCH REACTOR

Run nurber L1 Lo b3 L hs
Temperature (°C) 300 300 300 300 | 300
Residence time (min) 10 5 5 2 10

8 | Partial pressure 12 |12 |12 |102 [102
% 02 (M'_Hg) - _ . . |
= Partial pressure 284 284 284 284 28
Toluene (mm Hg) : : .
ce toluene _ 0.3 0.3 0.3 0.3. | 0.3
'g Pressure 02 (mm Hg) | 100 }100 -|1c0 100 | 100
‘B | Bath temp. (°C) 79 T9 79 79 1719
- B | Discharge time (min) 5 5 5 | 5 5
S | Frequency 10 10 | 10 30 | 30
% % discharge 10 25 | 50 50 .25
Benzene .01 05| .05 ok oL
2| Phemol 03 a9 .20] 23] a2
E“ ‘Benzaldehyde .07 24 .19 .19 .13
122 | Benzyl alcomol - 05 s | 3] .a3) 1o
:§ Benzoic acid 001 .00] .ok .00] . .00
Total pressure 122 136 136 133 | 1hk
after reaction (mm Hg) _ ' S
oxygen/toluene ratio .68 .68 68 68| .68
CONVERSION | o _
Gas phaze (mol %) 1..3 4.3 | 5.0 ‘1#..?' 2.9
. é | Liquid phase (mol %) .16 .54 .63 .59 [ - .37
g SELECTIVITY | :
Benzene - .09 .08 07 .03
Phenol - .35 .32 T
Benzaldehyde - A5 .30 .32 .35
Benzyl alcohol - .26 .21 .22 .27
Banzoic acid - .CO .06 .00 .00
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EXPERIMENTS IN A BATCH REACTOR

Run number 46 i s 48 Lo
Temperature (°C) 300 300 300
o | Residence time (min). 30 - 10 10
EQ“, Partial pressure 192 192 192 .
3 102 (mm He)
= Partial pressure 284 o8k |28k
- Toluene (xm Hg) ‘
¢c teoluene - 0.3 © 0.3 0.3
8 | pressurs 02 (mm Hg) 100 100 100
& | Bath temp. (°C) 79 | 19 79
Bl | Discharge time (min) 5 5 5
g | Frequency ‘ 30 10 10
% % dis@argé 10 25 {100
0 Ber%%e‘ne ...02 .02 05
‘& | Phenol .06 06 | LT
%'6' Benzaldehyde .12 .QS .08
. 7 | Benzyl alcchol 09 .03 .05
3 Benzoic acid .00} .00 .00
Total pressurs - 151 -
‘after reaction (mn Hg) : :
oxygen/toluene ratio .68 .68 .68
CONVERSION ‘
o Gas phase (mol %) 2,5 | 1.5 2.8
g‘_ Liquid phase {mol %) .31 .19 .35
g SELECTIVITY
‘Benzene .06 - Wb
Phenol A9 - .49
Benzaldehyde .39 - .23
Benzyl aleohol .28 - .14
Benzoic acid .00 ~ .00
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| FXPERIMENTS IH A FLOW REACTOR

Ran number 1 P 3 I 5 é
Total run time (min.) 120|150 {200 {185 [90 OO
Residence time {sec.) .25 LTh 1.00 | 2.0 A4 1.3
Oxygen presswre (mm Hg) | Tk b7 51| 50 {110 |98 .
Vapour pressure of 6T 156 | ko 50 : 90 105
toluene (mm Hz) . . . - _
Total pressure {mm Hg) |141 [103 {100 |101 {200 {203 |
Reactor temperature (°C) [ 302 301 |300 [301 | 301 [301
Avplied voltage (kV) 0 0 0 o o |0
E/p (volt mm Hg“lcmfl) o 0 0 o o o
E/N 10%° (volt cm 2) 0 0 o o | o fjo
Total current {ud} 0 0 o] 0 0 0
Filtered current (wA) | O 0 o | o o jo
Instantaneoué current 0 0 o | o0 0 0
from photographs (uA)

Toluene charged {grams) | 185 [1hh.% [53.8 |23.1 [ 49.7 27.9
Liquid collected (grems) | 119 [123.8 |51.7 | 21.8. | 8.3 -|26.3
Oxygen charged {gmoles) |1.958 | .942 |,619 | .286 1.096 616
Toluene charged (gmoles)|2.01 | 1.56 [.58%|.251 |  .5%01.303
Energy dissipation (War)| O 0 0 o | o [o
Charge'dissipaﬁed {as) 0 0 0 0 0
Conversion of tcluene 0 (VI 0 0 0 o
{mol %)
SELECTIVITY
Benzene - - - - - -
Phenol - - - - - -
Benzyl alecohol. . - - - - - -
Benzaldehydé ' - - - - - -
Benzoie acid - - - - - =
Energy yield (kWhr/mole)| -~ - - - - -
Reaction rate 10 0 0 y] o 0 0
(moles CTHB/1.sec) :
4 1a {-r) | - - - - - -
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EXPERIMENTS IN A FLOW REACTOR

Run nunmber 7 8 9 10 . 11 12
Total run time (min.) 120 60 | 260 165 180 120
Residence time (sec.) h,s5. 1.6 { 12.% | 0.6 ‘1.3 0.6
Oxygen pressure (mm Hg) { 78 69 | 65 751 75 -
Vapour pressure of ' 52 T8 79 T 75 79 -
toluene (mm Hg} _ _ _ _ : :

Total pressure (mm Hg) 130 147 1hk 150 ,'15£ 14k
Reactor temperature (°C) 273 271 263 266 | 312 360
Applied voltage (kV) 10 10 10 10 9 7.5
E/p (volt rm Hg_lcmql 9% | 85 87 83 T3 65 .
E/N 105 volt cm 2) 5441 4,79 L.82 ] h.6h | h.h3 -
Total current {uA) 213 212 22y 225 488 | 1613
Filtered current (uA) ‘102 | 108 81 g0 | =202 | Ti1
Instantaneous current - - = - - -
from photographs {ua)

Toluene charged (grams) 6.88 1 9.6k 7.31( 99.50 | Lk.20 -
liquid collected (grams) | 5.5%| 7.52| 5.61| 96.6 | ke.20 | 131.7
0xygeﬁ'charged (gmoles) ~.128 .229 .098 }1.536 .66k 435
Toluene charged {gmoles) .075 054§ .079 |1.08 480 -
Energy dissipation (Whr) .73 .76 _.2.5 1.75 3.9 11.2
Charge dissipation (As) 734 .388 1,261 891 2.18 T.68
Conversion of toluene A9 .52 1.88 .39.. .63 -
(mol %) ‘

SELECTIVITY o

Benzene .09 .18 .09 1.18 Jdh -
Phenol. '_ .06 .07 .08 1.00 .06 ~
Benzaldenyde A5 .30 39 1.38 | .38 -
Benzyl alecohol } 20 } ok } 21 } . } 1Y -
o-Cresol : ' : A :

mtp-Cresol .18 i L0 - -
Benzoic acid .00 .00 .00 1.00 .00 -
Energy yield {(kWhr/mole) 2.0 1.0} 1.67 1.4 1.00 -
Reaction rate 1071 33 34 38 117 82 2
{moles CTHS/1.sec) '
In{~r) | ~12,48 {~12.59 {-12.48 |-11,35 {-11.72
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EXPERIMENTS IN A FLOW REACTCR

17

Run number 13 1k 15 16 18
Total run time (min.) 120 270 330 120 240 300
Residence time (sec.) 6.7 5.2 2.0 3.5 2.3 2,6.
Oxygen pressure (mm Hg) 81 70 36 76 LY 51
Vapour pressure of 80 " 80 78 79 80 T9
toluene (mm Hg) : : : ' _ o
Total pressure (mm Hg) 161 150 - | 11k 155 {124 130
Reactor temperature (°C) | 358 | 177 |220 |260 | 300 | 264
Applied voltage (kV) 7.5 |10 10 8 6 b
E/p (volt mm nglcm“l) 58 |83 110 65 61 38
E/N 10%” (volt en™2) [ 3.88 {5.60 |3.57 [3.3% f2.14
Total current (uA) 1800 |161 | 162 |13 |92 55
Filtered current {(uA) 590 92 84 58 36 23
Instantaneous current - - - - - -
from photographs (uA)

Toluene charged (grams) 4,00 12.6 58.8 | 7.18 27.6 26,7
Liquid collected (grams) | 2.91 10,6 56.3. | k.73 ;2&.8 ak.7
Oxygén charged (gmoles) 101 .321 .598 .236 ..458‘ .578
Toluene charged (gzmoles) | .043 A37T 638 | .078 .299 .290
Energy dissipation (Whr) { 5.9 {2.9 3.3 |.66 |.6L .32
Chargs dissipation (As) h.25 2.61 1.66 - k2 ';52 ‘ .hll _
Conversion of toluene 1 5.18 1.23 .25 45 .25 .19_:
(mole %) ' -
SELECTIViTY

Benzene - .10 .08 .31 .22 .29 .31
Phenol 1k .06 .02 .08 07 .07
Benzaldehyde .39 .33 .26 (.36 |.300 j.3
“Qenzyl alcohol 16 .30 o 703 .07 - ;oh
o~Cresol .18 - 18 A5 0 1.15
m¥p=-Cresol - 19 .09 W11 13 ..il
Benzoic acid .02 .00 .00 .CO .00 .00
Energy yield (kWhr/mole) | 2.6 1.73 2.0 1.08 .81 .58
Reaction rate 107! N 27 23 Ak 15 8.7
(rmoles CTH3/1.sec,) _ .

In(~r) -11.63 |-12.82 |-12.98 |-13.48 |-13.,41 }-13.95
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EXPERIMENTS IN A.FLOW REACTOR

Run number 19 20 21 22 - 23 -
Total run time (min.) 300 {2ko  {a2u0 lako {2100 [2%0
Residence'time.(sec.) 3.3 3.5 3.8 {31 3.7 3.3
Oxygen pressure (mm Hg) 64 Th 83 '. 66 79 1T
Vapour pressure of 81 8o 8o 79 9 . |80
toluene (mm Hg) - -
Total pressure (mm Hg) L 15k 163 15 {158 |15
Reactor temperaﬁure (°c) 300 300 300 o264 262 264
Applied voltage {kV) 3 5 T 9 11 8 -
E/p {volt/crmrmm Hg) 26 41 | 54 78 |87 65
E/N 10 (volt cm ©) “1.k3  l2.2k {2,96° k.32 k,82° [3.61
Total current (ud) 3k T2 AR T A I iy ¢ 206 150
Filtered current (uA) 15. 30 by {62 TS 62
Instantaneous current - - - - - -
rom photographs (uwA)
Toluene charged (grems) 19.6 15.3 13.Lh 16,6 111.8 7.7
Liquid collected {grams) | 18.2 14,5 12.1 15.6 - {10.7 116.6
Oxygen charged (gmoles) | .571 |.350 - |.hso {.h12  {.s00 |.h90
Tolusne charged (gmoleé) 213 . | .167 |[.aks .180 .128 .193
Energy dissipation (Whr) 145 b2 .93 |1.56 2,0 |1.h
Charge dissipation (As) .26 143 67 .88 94 .89 
Conversion of toluene A3 34 .60 .67 1.07 | .62
(mole 3) '
SELECTIVITY
Benzene 3 A5 .12 .12 .08 ;ll‘
Phenol | .07 .07 .08 07 .ot
Benzeldehyde 30 .33 .3t |3z R
Benzyl alcohol | .05 .07 .07 .07 .05
o-Cresol .28 .22 .21 .21 .2h.' W10
m+p~Crasol 17 .17 .16 .18 1
Benzoic acid .00 . .00 .00 .OO. .00 .02
Reaction rate 10| by 11.2 17.3 24.0 27.0 23.7
(moles CTH31l.sec.) :
1a(-r) -1h.64 ~13.27 | =12,9% | ~12.81 | -12.95.
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 EXPERIMENTS I¥ A FLOW REACTOR

Run numﬁer 25 26. 27 28 29

Total run time (min.) 285 240 - 180 2ho | 2%,
Residence time (see.) 2.0 1.5 .33 3.6 : 3.0
Oxygen pressure (rm Hg) 4 - |33 22 ol 1173
Vapour pressure of 78 79 76 81 82
tolusne (mm Hg) -
Total pressure (mm Hg) | 126 [112 |98 175 | 155
Reactor temperature (°cy | 264 264 276 263 345
Applied voltage (kV) 8 8 8 8 0
E/p (volt mm'nglcmfl). 79 89 102 57 0
E/N 10%° (volt em 2) b2 | hor |s.81 |37 lo
Total current (ud) 153 122 160 - {151 . |o
Filtered current (uA) 57 52 |46 64 0
Instantaneous current . - 52 21 52 0
from photographs (ua) :
Toluene charged (grawms) W77 52,9 255 16.9 | 22,69
Iiquid collected (grams) | 46.7 |51 |2s5h © |16.0 |22.51
Oxygen charged {gmoles) 2565 1 .504 368 ] .507 457
Toluene'charged (gmoles) 518 575 2.771 | .184 L2u6
Energy dissipation (Whr) | 3.7 | 1.17 .78 1.5 o
Charge dissipation (As) | .98 .75 50 | .92 0
Conversion of toluene _ .20 .1h LOXT .80 .03
(mole %) ' ‘ ' '

SELECTIVITY -

enzene 200 {3 |87 |6 .oz
Phenol .05 .03 .00 .05 ;00
Benzaldehyde .35 .28 a1 .25 | .c0
Benzyl alcohol .06 0L .00 .06 .00
o-Cresol .19 .07 .00 .16 .00
pém-Cresol 13 .03 - [.00 |.13 |.c0
Benzoic acid .00 .00 .00 .00 .00
Energy yield (kWar/mole} | 1.h7 1.h46 1.67 .99 -
Reaction rate 10 | 7.3 16 e 29 1.7
{moles CTH8/1l.sec.) -

In(-r) ~13.27 { =13.34 | =13.81 | -12.75{ -16 .




EXPERIMENTS IN A FLOW REACTOR

‘Run number 31 3" 33" 34 35 36
Potal run time (min.) 240  |pho heo  kho  feo  fi8o
Residence time (sec.) 2.2 4.0 .5 2.1 1.7 5.0'::”
Oxygen pressure {mm Hg) 64 117 20 {13 - - 63
Vapour pressure of 82 - 83 76 56 5 197'.‘:
toluene (mm Hg) | S TR o - N
Total pressure (mm Hz) 146 - jeoo |96 129 136 . pk2
Reactor temperature (°cy |3k 36 (38h 35k 35T 350
Applied voltage (kV) 3 8 8 8 8 8
E/p {volt m Hgnlcmﬂl) 69 50 10h 178 7 70
E/N 10 (volt ex ©) 4.38  {3.21  [6.66 |5.05 . (k.80  [4.55
Totsl current (uA) 19 [k 181 {276 - fesh (256
Filtered current (uA) 22 |19 30 Ll o 38 ko
Instantaneous current i8 . 115 24 22 - -
from photographs (uA) : | '

Tolusne charged (grems) | 38.53 [19.3% [226.7 130.40 [27.h3 [10.16
Liquid collected (grams) |36.28 {18.68 226.0 |29.52 le6.91 {9.77
Oxygen charged (gmoles) = | . 426 R} .231 ;hhT,:j .233 1,169
Toluene (gmoles) | .wm8  [.210  {2.k3% [.331 {.298 .110
Energy. dissipation (Whr) ot 129 .339 984 . {.k29 685
Chargs dissipation (As) | .22 27 L2 1.63 27 Y
Conversion of toluene .33 .36 .03 Ja .25 .90
(role %) ' . :
SELECTIVITY .
Benzene .25 .23 Bl .22 A2, .22
Phenol .07 05 .00 [.09. - {.05 Rerd
Benzaldehyde .29 37 .0k 2 .30 A2
Behzyl alecohol .00 - S
omCresol }.13 }.18 00 }:12 f.oS ‘ }.15 .
mtp=Cresol .18 .o oo f.os o2 |2
Benzoic acid .00 .00 .00 .00 .00 |.00
Energy yield (kWhr/mole) | .36  |.57  [.56 |73 ST |69
Reaction rate 10 27.6 [15.1 . {26.1 |26.6 {29.2 {26.5
(moles CTH8/l.sec.) . ,

' 1n(-r) ~12.80 | ~13.40 | -12.85 | -12.8h |~12,7% | -12.8k

# Loose electrodes!
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EXPERIMENTS iN A FLOW REACTOR

Run numher o 37 38 39 Lo L1 L2
Total run time (min.) . | 180 150 120 120 {135 180
Residence time (sec.) - | 8.3 | 1.3 J2a "J2a J22. |3.5
Oxygen pressure (mm Hg) 65 65 67 66 T0 53
Vapour pressure of | 80 79 . 179 80 |80 80
toluene (zm Hg) ' R : :
Total pressure (mn Hg) 145 wh ke {146 | as0 133

Reactor temperature (°C) | 355 351 350 352 | 348 389

Applied voltage (kV) 8 8 | 6 b 2 0
E/p {volt mm Hgblcmfl) £9 170 51 B 17 o
E/N 107 (volt cm"e) 4. | k.50 3.30 | 2,22 1.07 0
Total current {ua) ~ .- | 273 |28 |13 |so o |7 0
Filtered current (uA). 1 ue '3h_ 120 8 .3 0
Instantaneous current - 30 19 13 - . -
from photograph {uA) :

Toluene chorged (grams) | 7.39 | 32.97 |20.25 |21.2k |22.00 |17.56
Liquid collected (grams) | 6.95 | 32.82 |19.35 |21.00 | 21.48 |17.17
Oxygen charged (gmoles) | .oor | .552 | .229 | .206 | .o54 .15k

Toluens charged (gmoles) | .080 | .358 | .220 [.2;m |.239 |.100
Frergy dissipation (VWhr) 790 | 80 | .165 | .0k3 001 (0

Charge dissipation (As) .50 .31 ab o Los 002 |0
Conversion of toluene { 1.39 .16 19 .08 L2 .08
{mole %) ' ' ‘ :
SELECTIVITY . |
Benzene. | B T 0 T = T B (O < S ON-C 0
Phenol . | .08 .03 00 17,00 .00 .CO
Benzaldehyde . | 45 |.30 24 16 [.00  |.o00
Benzyl alcohol o ' - _ ‘ I
o-Cresol } .16 '}.06 }.05 }trace }.oo . l.oo
ntp-Cresol 14 .06 03 |- .00 .00
Benzoic acid | .oor .00 .00 .00, 1 .00 .00
Fnergy yield (Wnr/mole) | .71 .8% .39 |.23 | .00 -

Reaction rate lO—T
{moles CTHG/l.sec.)

29.% |17.6 |16.2 |72 |o.r  |3.9
In(-r) -12.74 | =13.25 | ~13.33 | =141k | -13.84 | 14,76




EXPERIMENTS IN A FLOW REACTOR

ks

Run number 43 o L6 L7 48
Total run time (min.) 120 |160 [120- | 60 120 | 150
Residence time (sec.) 2.2 2.0 2.0 A 4.9 [ k.8 '
Oxygen pressure (mm Hg) 65 67 68, .26_ 78 | 80
Vapour pressure of 79 80 8o 7 8o 80
toluene (mm Hg)_ o _— o
Total pressure {mm Hg) 14k ikt 1 W8 103 ‘158A 160 .
Reactor temperature (°¢) 386 . | 387 390 - | 384 52 52
Applied voltage (kV) - 6 h 2 6 10 8
E/p (voit mnm nglcmfl 52 34 17 73 79 62
E/N 1077 (volt em ) 3.55 [2.32 [1.16 |b.96 {2.66 |2.09
Total current {uA) 488 | 183 37 Loz . | 118 68
Filtered current (ui) gh 29 6.5 68 Lo - 25
Instantaneous current 57 2k 10 - 30 34
from photographs {(ud)

Toluene charged {grams) 16.95 |28.63 | 21.39 | 63.97 | 17.70 | 22.6k
liquid collected (grams) | 16.35 |27.65 |20.81 | 63.80 | 17.13 | 22.36
Oxygen chargzed (gmoles) L.217 | Lok | 21k "'.110_' Lo11 .2?5_f
Toluene'chargea {gmoles) 8% -} L311 |} .e3e  .69h 192 . 248
Energy dissipation (Wnr) | .797 {.215 | .08 |- 561 | .3sh
Cherge dissipstion (4s) .68 .27 .05 - 29 1 .23
Conversion of toluene .56 .13 .10 .06 .15 .15
{rmole %) '

SELECTIVITY | .

Benzene 31 .55 .56 .88 e b6
Phenol .06 |00 |.00 00 |.00 | .o
Benzaldehyde A 3 .32 .00 25 | .18
Benzyl alechol |

o~Cresol '

mtp-Cresol .07 .00 .00

Benzoic acid .00 .00 .00 | .00 .00 .CO
Fnergy yield (xWhr/mcle) IT .53 .08 |- 1.95 .64
Reaction rate 107 | %0.9  |11.7 |9.2° |32.5° {11.7 |2k
(moles CTH8/l.sec.)} _ _ Sy
in{-r) -12.41 [-13.65 | ~13.19| -12.63 | =13.66 | ~13.69
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EXPERIMENTS IN A FLOW REACTOR

Run pumber L9 50 | 51 52 i 53 5%
Total run time (min.) 150 160 150 150 150 60
Residence time (seec.) k.9 5.3 - 3.b 2.0 9 .2
Oxygen pressure (mm Hg) 80 91 108 {53 34 T
- Vapour préssure of 80 180 51 1105 129 . - |138
toluene (mm Hg) R . R B
Total pressure (wm Hg) 160 i lise  Jass 613 - |155
Reactor temperature (°¢) | 51 50 291|201 ook [299
Applied voltage (kV) 6 - 8 8 8 8 |8 |
E/p (volt m Hg“lcm—l) LY 59 51 163 61 65
E/N 16%? (vort om °) 1.57  [1.96 - [3.67 3.71 3.61 3.83
Total current (wA) (6! 107 fw7o i 11 jus
Filtered current {uA) 36 L8 62 57 .._ bl 38.‘
Instantaneous current 2h 39 52 R ho -
from photographs (uA) : .
Toluene charged (grams) o046 [23.51 |13.81 |39.h0 [119.87 [226.29
Liguid collected (grams) | 21.93 |22.86 |13.38 [38.92 [117.03 [264.53
: Oxygen_qharged_(gmoles)‘ ‘_ .266  {.281 .263 263 . [.269 . {.206 .
Toluene charged (gmoles) | .24 |.255 |.150 |.b28 |1.30 289 |-
Fnergzy dissipation (Wﬁf) 382 724 1,873 800 |.622  |.215
Charge dissipation (Aé) .32 A3 .55 “51 .39 .1k
Conversion of toluene_. 08 0 ].30 A3 A9 0 HoT .04
(mole %) ' : .
 SELECTIVITY o o
Benzene .56 .23 .13 .38 .79 ST
Phenol .00 00  |.0 0 t.oo .00 .00
Benzaldehyde .13 .38 40 54 .ok .00
Benzyl alcohol - _. C
o-Cresol .18 .30 }'21' }'00' }°00 I'OO
m*prresol Ak .00 - |.00 .00
Benzoic acid .00 .00 .00 .00 .00 .00
Energy yield (kth/mole) 1.96 .95 1.35 .98 68 .18
‘Reaction rate 10 ¢ 6.0 22.6 20 26 30 87
{moles CTH8/1.sec.) ' _ _
In(-r) -14.32 | -13.00 | -13.10 | -12.86 |-12.7L | ~11.6
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Figure 1 Experimental equipment
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Figure 2 Flow reactor
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Figure 6 Instantaneous current from Run 54
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