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I INTRODUCTION

In view of the large amount of gamma energy
currently being wasted as spent fuel elements, much
effort has been expended to investigate the potential
use of the gamma energy in chemical processing. However,
in spite of the great effort, only two or three commercially
feasible processes have emerged. The reasons associated
with this are for example.(l) insufficient return per unit
energy cost to be competitive with alternative me thods of
processing (2) the radiation cheunistry of the reactions
is frequently extremely coﬁplex and (3) the non-specific
character of radiélysis always resulits in many side
reactions. |

Not much improvement can be made on the latter
two disadvantages so that much effort has been focussed
on the cost factor,. In order to achieve a reasonable
cost in producing a low molecular weight chemical, a
long chain reaction is necessary. It is well known that
niany halosenation reactions are chain reactions, 1In
particular, a fair amount of work on chlorination
reactions has been done,

Recently this halogenation work has been extended



to gas-phase iodination of methane, even though the
prospects of chéin iodination are unpromising and
déspite the propensity of iodine as radical scavenger.
Nevertheless, the yields of iodomethanes were reported
to be very high (2;). This led to the present study
of liquid phase iodination of methane,

The original purpose of this project is to
evalute the practicability of producing iodomethanes
directly in a continuous flow liquid-phase process with
the aid of gamma radiation as contrasted with the earlier
work on the gas-phase iodination in a batch reactor,
However, the first few preliminary experiments indicated
that the liquid-phase reaction proceeded with very low
conversions, A secondary objective thus arose, "How to
make. this reaction proceed in tiquid phase?". The new

objective forms the entire discussion in this thesis,



IX LITERATURE SURVEY

Ir-1 RADTATION CHEMISTRY AND PHYSICS

Radiation chemistry deals with the chemical changes
produced by a high-energy radiation., It is an essential
branch of physical chemistry and may be reéarded as an
extension of photochemistry. Radiation physics deals with
the action of a high-energy radiation on matter and the
energy changes in the system. Therefore, the two subjects
"are closely related to each other and they will be briefly

surveyed together in this section.

IT-1.1 Definitions and Units
The definitions and units are presented here in
order to clarify the later use of the terms in this

thesis,

Absorbed dose (D) As aefined by the Internationél
Commission on Radiological Units in 1962 (i) the absorbed_
dose is equal tot&E/Am; where AE is. the ehergy imparted

by the radiation to the matter in a volume element and

Aam is the mass of matter in that volume element. Absorbed
dose thus depends upon the material being irradiated, the
nature of the radiation and the geometric relationship

between the source and material. The official unit of



absorbed dose is rad which is defined as 100 ergs/gram

and equivalent to 6.24 x 10%3

electron volts/gran.
Other units such as roentgen and rep are often used but
they will not be used here,.

Absorbed dose rate (DR) It is the ratio of aD to at,

where AD is the incremept in absorbed dose in time at,

Strength of source (S) The strength of a source is the

intensity of radioactivity of the source and it is graded
ip curies, defined (g) as the quantity of any radioactive
nuclide in which the number of disintegrations per sec.
is 3.700 x 1010. For example.one gram of radium has an
activity of one curie.

G value (G) This term is used to expressed the energy

yield of a radiation-induced reaction and is defined as
the number of molecules changed (produced or destroyed)
per 100 eV -of energy absorbed in the system. For example,
in the present work in a semi-batch reactor the G value

of a product, X can be expressed as :

6.023 x 1022 x [X]
D x [I,] x 253.809

where Ei] is the concentration of X produced in the system
in (mole/volume), [ié] is the. initial iodine concentration
in (méle/volume) and D is the total absorbed dose in eV/gm.

A typical G value for the simple dissociation of



a molecule 1is B‘to 10. VWhen a chemical chain reaction
occurs, G can become very high depending on how many
reaction steps occur before a termination reaction is

experienced,

1r-1.2 High Energy Radiation

High-énergy radiations generally include all
electromagnetic radiations of wavelengths less than 100 R
to 1000 X, or of energies greater than 10 eV. Fig. 1
gives a spectrum of electromagnetic radiation, showing
roughly the means by which vafious types of radiation
are produced. Although these radiations are energetic
enough to ionize simple molecules, the energies of most
conventional radiations are much higher than 100 eV.

For example most work on radiation-induced reactions 1is
carried out—with.either X-rays, gamma rays oOr accelerated
.electrons of 0.5 to 3.0 MeV.

The common effect produced by these radiations
as will be seen in more detail in Section II-1.3 is that
they often result in the ejection of energétic electrons
which lose their energies by causing ionization and
excitation as they proceed in trajectories through the
matter, However, it is found in practice that different
types of radiation offen produce different effects for

a given amount of energy absorbed (Chap. I of g).
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Suchbdifferences are basically due to differences in the
linear density of events along the track which is termed -
as "linear énergy transfer" or LET, expressed in keV
absorbed per micron of track-in the medium. For exémple
the LET of cobalt-60 gamma rays in water is 0.42 keV/u
compared with 150 keV/u for polonium alpha particles.

In practice, high-energy radiations are limited
to X-rays, gamma rays,accelerated electrons and reactor
radiation. Since only gamma rays are involved in the

present work, they will be discussed next in more detail,

Ir-1.2.1 Gamma radiation

Gamma rays are photons of high quantum energy.
Genefally fhe qﬁantum energy of gamma. rays 1s above
.h0,00dreV and they afelconsidered to have higher energy
than that of the X-rays. But as shown in Fig. 1, X-rays
nay have energies comparable to or evén éreater thaﬁ fﬁe
energies 6f the low energy gamma radiations,

Gamma rays can be obtained by impinging fast
moving particles (electrons) on a ﬁetal target or from
radioisotopes when they undergo nuclear transformation.
A broad spectrum of quantum energies‘will be produced
»by the first method but radionisotopes emit gamma rays
either monoenergetic or have a very small number of

discrete energies. Thus gamma rays emitted from



radioisotopes are mostly used in practice. One of the
earliest gamma émitting radioisotopes is radium, but
nowadays the most widélf ﬁsed gamma—source is the artifi-
.cial radioisotope cobalt-60 which is of interest here.
Another useful artificial gamma source is cesium-137
which is‘becoming more attractive industrially because

it has a long half-life of 30 years;

II-1.2.2 Cobhalt-60 gamma radiation

Radioisotope cobalt-60 is produced in nuclear
feactors by the neutron bombardﬁent of cohalt-59. It
emits two gamma photons of 1.173 and 1,332 MeV r;spectively
for every radioactive disintegration and it has a half-
life of 5.26 I 0.02 years.

The decay pattern of cqbalt-éO is relativély
complex, involving p, ¥ transition to the ground state
as shown in Tig.2(a). The main transition is the negatron
of energy 0.314 MeV decays to a first gamma photon of
1.173 MeV and then to a second garmma photon of 1,332 MeV.
However, this complex decay pattern fo;lows a first-order
equation as shown by Eq.{l). Thus the radioactivity (A)

of a source decreases exponentially with time (t) :

- dA/dt AA (1)
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where Ao is the original activity and X\ is the decay
constant. Fig.2(b), which is a graphical presentation
of Eq.(2), shows the decay curve of cobalt-60, > is
found to be 3,60 x lo-u(days)-l from the slope of the
curve,

Because of the high photon energy, gamma rays
have very high penetrating power so that gamma source
above a few millicuries in strength requires special
shielding. Many methods of shielding are in use. For
exaﬁple, the source can be kept in a lead container,
under water, below ground or in a room with thick concrete
wall, The required thicknesses to reduce the gamma
radiation are shown in Figs.3 and 4 for lead and concrete
absofbers respectively. Notice that the gamma rays emitted
‘from C§—137 and Co—6O follow Beer}s law in both lead and
concrete ahbsorbers but radium in a lead absorber departs
from the law. This subject will be discussed further in

Section ITI-1.L4.

IT-1.3 Interaction of Nadiation with Matter

There are several ways by which gamma rays may
lose energy by interacting with matter, depending upon
the quantum energy of the photon and the nature of the
matter. In the range of energies between 10 keV and

10 MeV, the three major interacting processes are
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photoelectric effect, Compton scattering and pair produc-
tion. Other minor processes are for example coherent
electron scattering, annihilation radiation, bremsstrahlung

"and fluorescence radiation.

Photoelectric effect (Tig.5~a)

In the photoelectric effect, the incident photon
is completely absorbed by an atom with the ejection of
a fast orbital electron which bears all the energy of
the incident photon minus the binding energy of the

electron in the atom.

Compton scattering (Fig.S—b)

This interaction is an inelastic¢c scattering. The
photon imparts‘only part of its energy to an atom which
then ejects an excited electron at some angle 0, relative
to the direction of the incident photon. The remaining
energy (hv') is retained by the photon which scatters at
another angle @# and interacts further, either by Compton

scattering or some other processes.

Pair production (Fig.5-c)

This process is an interaction of a photon within
. the electron cloud or in the nucleus of an atom resulting
in the formation of a positron-electron pair, in which

the photon energy 1is transferred to the pair. The minimum

energy at which the process occurs is 1,022 MeV, which
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(a) Photoelectric effect

hv . e - (E = hv - Eb)
» (Eb= binding energy)

(b) Compton scattering effect

~ hv

(E = hv - hv")

(c)} Pair production

hv v 7 : ‘ e

(Rest energy = 1.022 MeV)

FIG., 5 RADIATION INTERACTING PROCESSES WITH MATTER
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~is the total rest energy of a positron-electron pair.
This process is always followed by the emission of two
0.511 MeV photons for each pair production, owing to
the recombination of the poéitron with the electron.
Obviously, the consequence of the gamma rays
interaction with matter is the subsequent disappearence
of the photon and the production of energetic electrons.,
These electrons in turn will cause ionization and/or
excitation in the matter. TFig.6 shows the relative
contribution of each process to the total mass abhsorption
coefficient (see Section II-1.%4) of water. In the energy
range below 100 keV, the photoelectric effect is predo-
minant and no pair production appears bhecause pair
prodﬁction-can 6n1y occur when the photon energy is
‘greater than 1.022 MeV., At the region of 1 MeV, Compton
scattering is practically the only interaction. This 1is
generally true not only for water But also for all other
kinds of absorhers, bhecaunse when gamma rays emitted
from Co-60 (quantum energy = 1.25 MeV) interact with
matter, Compton scattering is often the on@y important
interaction observed. In fact, this single interaction
characteristic of Co0-60 gamma rays is the main reason
why the absorption of the radiation so closely follows

Deer's law as shown in ™igs.3 and b4.
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II-1.4 Attenuation of Radiation In Matter

In passing through a finite thickness of matter,
some photons tend to lose much of their energies as a
.result of those interactions deécribed in Section II-1.3.
Those photons that do not interact will penetrate with
their original energy and direction, . The amount of energy
being absorbed in a single interaction is found to follow
the well known Lambert-Beer's law :

I=1,e”" (3)

which states that the intensity of radiation (I) decreases
exponentially with the thickness (x) of the matter.
a (unit: reciprocal length) is the linear absorption
coefficient and the valﬁe depends upon the physical pro-
perties of the material and the photon energy. In cases
where comparison of absorption energies by two systems
of different phases, use of the mass absorption coefficient
is preferable to the linear absorption coefficient, The
mass absorption coefficient is simply the ratio of the
linear absorption coefficient to the density of the
material (n/e). The conventional unit is cmz/gm and x
of Bq.(3) is then expressed in units of mass per unit
area (gm/cmz).

Since three important interactions might possibly

result from the radiation of matter, depending on the

~
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photon energy, ;t should be emphasized here that Eq.(3)
is valid only for narrow or collimated beams of mono-
energetic photons. 1In other words Eq.(3) is valid for
cases where the photons are absorbed from the heam by
the same interaction. For-example, gamma ray emitted
from cobalt-60 interacts with matter mainly by Compton
scattering and other interactions are of negligible
importance. However, in Compton scattering photons are
removed from the beam both by absorption and by scatter-
ing (see Section II-1.3). Thus the absorption coefficient
(1) in £q.(3) is actually the total absorption coefficient.
For a small sample where the scattered photons do
not interact Ffurther, the aétual amount of radiation
absorbed by the matter should be measured by the energy
‘absorption coefficient (na) rather than the total absorp-
tion coefficient (n). Consider a target irradiated by a
gamma ray. The intensity at any depth in the target is :

I=1I, e x (3)

The rate of removal of energy by absorption alone will be :

I /dx = I, m, o ()

Therefore the energy really absorbed by the entire target

thickness is :

T x .
‘J A = I p,‘[ e ™MX 4x
. a 0. a
- o o
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Qr I, = — (1L - e‘nx) 7 (5)

Compare this with the value calculated by LEq.(3) using

.total absorption coefficient (u) :

I =1, (1 - ) (3-2)

Notice that if n_ = n, (i.e. only absorbing, and no
scattering in the interaction-process) then Eq.(5) can
be reduced to Eq.(3-a).

Normally, for a large target interacting with
radiation by Compton scattering, most but not all of the
scattering photons will remain and interact further so
that,ua<‘u. Therefore the energy absorbed by the target
if calculated by Eq.(3-a) based on the total or narrow
beam absorptioh coefficient (u), will be larger than is
actually the casé.‘ Or, in other words, the calculated
dose required to do grjob will be too small. Thus in
order to bring up the calculated dose, a correction
factor which is called the buildup factor is used. It
is defined (4) as the ratio of the 'true' dose as exactly
calculated or measured divided by the 'narrow beam' dose
(1.e. calculated by Eq.(3)). The buildup factors are
available from the literature (3,6) and most of them are
for point sources in infinite homogeneous media. TFor
more complex geometries, the buildup factor expressed in

some form may be incorporated with the narrow beam
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expression and then the final expression is integrated.
An expression for the dose buildup factor which is
especially useful because of its simplicity is given by

Taylor, (4,5):

- &ur

- a,uar
B=Ae + (1-a) e

(6)

where B is the buildup factor; m is the total absorption

coefficient; and A, dl’ ., are constants,adjusted to fit

2
the tabulated data for ur. All these constants are
tabulated in the literature (4,5). However, even this
method of handing buildup factor is not completely satis-
factory and for some very complex geometrical arrangements,
the calculations could be so laborious and approximate

that a buildup factor of 1 is often used to replace the
mathématicél exﬁression especially in the preliminary study
of irradiator design. In experiments where the target is
small, the energy absorption coefficient (pa) is used
directly oﬁ Ed.(B) Qitﬁ‘n replééed‘ﬁy ua and the buildupr

factor is disregarded.

IT-1.5 Transient Entities Formed By Radiation

The two fundamental actions of radiation are to
ionize and to excite, Therefore, immediately after the
physical interactions of gamma‘rays with the matter, ions;
excited molecuies and free rad;cals are found inAthe

material, " These energetic speciles are referred to as
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transient entit%es. The formation and properties of

these species are affected by tbe photorn energy, phase

and nature of the matter, Generally, if the energy
-imparted by the incident photon is large enough to over-
come the binding energy of an orbital electron to a

stable molecule then this electron may be expelled, leaving

behind a positive charged ion

AB amn—s ABT 4+ e~ (7)

This jionization process should be considered as the
removal of an electron from the molecule as a whole
rather than just from one part., The cjected electron
from Eq.(7) may cause further ionization and excitation
if it is sufflficiently energetic. The positive ion,
however, will uéﬁéllj possess enough energy to undergo
molecular fragmentétion into a free radical and an ion
as Eq.(8).

Y s At B o (8)

AB

In cases where the energy released to the orbital

electron is less than the ionization energy, the electron
may be raised from its ground state to an excited state

as

AB Avn—— A.B'*' (9)

This excited molecule may dissociate into free radicals
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as Eq.(10) or it may fall back to the ground state by

*
AB ——> A* 4+ B°* (10)

releasing the energy as heat or light as Eq.(11).

*
AB  ——> AB + hv or heat (11)

Obviously Eq.(7) to Eq.(l1) are not the only wavys
by which the ions or excited molecules are created. For. .
example molecules which have electronegative atoms or
groups, e.g. 0OH, CN, Cl and Br may possibly give ions

by direct splitting into a positive and a negative ion.

+ -
cCL), m—> CC1,7+ Cl (12)

The excited molecule of the major constitutent may transfer
its energy to the minor constituent (e.g. impurity) and

ionize it as in Eq.(13). Another common way in which a

* +
He + A —> He + A + e (13)

hiéhly e%citéd moiecule can he férmed'by radiation is
from the neutralization of a positive ion by an electron
or a negative ion. .

Thus the primary interaction of radiation with
matter gives rise to positive and negative ions, electrons
and free radicals. The reactions which then follow may
bé éhe interaction of tﬂeée active species with one anocther
or with tﬁe molecules of the éurrounding medium. This

results in'great reaction complexity which represents
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difficulty and challenge in the elucidation of radiation

chemistry.

II-1.5.1 Pree-radical reactions

Free-radical reactions are the most important
reactions induced by radiation and many ofrthem afe quite
well understood. Ilowever, as it was pointed out by
Chapiro (7, Chap. III of 8) that in the radiolysis of the
simple organic molecules, such as saturated hydrocarbons,
only about half (not all) of the products were formed
as the result of free radical reaction.

Free-radical reactions quite oftenresult in chain
reactions although many free-radical reactions proceed
~without involviné chain reaction. For example the
radiation-induced oxidation of hydrocarbons to forn
peroxides is not a chain reaction at room temperature
(Chap. IV of 2). The reason for this is that probably
at the high dose-rates used, the ROZ‘ radicals formed by_

addition of oxygen to organic radicals as Iq.(14) do not

R" + 0, —> RO," (1h)

abstract hydrogen from other molecules, so gi&ing hydro-
peroxides and other chain propagating radicals, but
rather react with each other. However, at temperature

above 10000, the reaction bhecomes a chain reaction.
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Normally, most workers on radiation-induced
reactions are interested in chain reactions in order to
increase the efficiency of using the radiation source
as will be discussed in Seétion ITI-1.7. The most common
free-radical chain reactions are for example the chlorina-
tion of hydrocarbons and the polymerization reactions.
The chain reaction scheme for chlorination of methane is
presented in Section II-3. The chain reactions which
occur iﬁ these reactions are mainly due to the very low
activation energies required to bring about the reactions,
or. the radicals formed are so highly excited that they
can react with other molecules and create other new
radicals. For example, in chlorination of methane the
activation energy for a chlorine atom to attack methane
andbmethyl chloride are 3.85 and 3.36 kcal/mole
respectively {Chap. 8 of 52). Thus the chlorination of
méthane is an extremely rapid process (see Section II-3).
Similarly for polymeriiafion reaction the activation
energies in the pfOpagation stefs are very low, :A value
of about 5 kcal/mnle is suggested for most common
polymerizations (22). Thus as long as an adequate mode
of initiation* is available, a polymerization reaction

will proceed rapidly.

* . I3 *
For most initiators, the activation energies are

in the range of 30-40 kecal.mole. (53).
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The free radicals produced by radiation quite
often behave slightly differently from those produced
in othér ways. Occasionally the radiation imparts
‘excess energy to the radicals forming 'hot radicals'
that may overcome the high activation energies of some
reactions which would not normally take place with
ordinary thermal radicals., Also the radicals formed by
radiation are highly localized along the tracks of photons
and therefore they tend to react with each other more
than would be expected if the distribution were uniform.,
Finally, the free-radical reaction in solid state can

only be performed by using radiation,

IT-1.5.2 Tonic reaction

As far as reactions of ions are concerned,
positive lons are more important than negative ions
because hany systéms do not formed negative ion at all
and positive ions generally appear to he more reactive
than negative ions (Chap. I of 2). The most common
reactions are the ion-molecular reactions which can be
distinguished into proton transfer reactions and
condensation reactions, In proton transfer reactions,
the positive ions react with other molecules as :

RH* + RH ——> RH,” + R° (15)
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An example of this is in the case of methane :

.

+ +
CHy "+ CH, —> CHg + CH, - (16)

In condensation reactions, carbon-carbon bonds are formed
such as :

+

R" + RH —— R - rR*+ 1, (17)

+ +
or CHy'+ CHy ——> CoH "+ H, (18)

Ion-molecular reactions can be extremely fast, occuring
at every collision, Many radiation-induced processes
such as crosslinking have been interpreted in terms of
such reactions although these have not been proved
experimentally,

Another important type of ionic reaction is
known as cationic-polymerization in which the free
propagating ions are so active that they lead to
extremely high rate of propagation, However, these
cationic chains are only expected to propagate if the
electrons produced in the primary interaction e.g. Eq.(7)
are held back from the rapid recombination to the positive
ions. (In non-polar media the life time of the ion is

8 7

about 10 ~ to 10~/ sec.)

II-1.5.3 RNeactions of excited molecules

As mentioned before in Eq.(9) to Eq.(11l), excited

moieculeé, if they do not decompose to free radicals,



will fall back to their ground Qnexcited state by
releasing energy as heat or photons. But in addition

to these, excited molecules can undergo energy transfer
to other molecules. There are four suggested mechanisms
of energy transfer: (l) The energy of an electronically
excited molecule is transferred to a molecule in its

ground state through simple collision. Yor example:
* * '
Xe + H, ——> Xe + H, (19)

(2) The energy of an excited molecule is released by
emission of a photon, which is then absorbed by another
molecule. (3) The energy is transferred by quaﬁtumr
mechanical resonance fromn for example a solvent niolecule
to a distant solute molecule without the aid of inter-
mediate molecules. (4) The energy is transferred
7rapid1y from moleéule to molecule and the residence time
of energy in any particular molecule is less than the
period of one vibration. This nrocess is known as
exciton transfer,

However, hy far the most common reaction c¢f an
excited moleculé is the decomposition into ffee radicals
as shown in Eq.(10). This reaction is believed to be
one of the most important sources of free radicals in
radiation-chemical processes (Chap. II of 8). But unless

the decomposition is an energsetic one there is, in
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condensed phases at any rate, the possibility that the
radiéals may recombine within the solvent 'cage' (Franck-
Robinowitch effect) leading to no net reaction (2,8).
‘This effect should be especiélly marked with large
molecules. %or the highly excited molecules such as
those resulting from charge-neutralization processes,
the dissociated radicals may be energetic enough to
escape from the 'cage' and recombination‘is less likely
to occur,

Other reactions of excited molecnles include the

dissociation into saturated or unsaturated molecule as:

*
AB ——> C + D (20)

and the reaction with other molecules as:

AB '+ CD ——> Products (21)

I1-1.6 Dosimetry
In the study of radiation chemistry, it is
necessary to know the energy absorhed by a system, This
is usually carried out by measuring the dose rate of
a source with a dosimeter and then the dose absorbed by
the system can be calculated from the measured dose rate

as will be described in the later part of this Section,

II-1.6.1 Method of dosimetry

Many methods of dosimetry have been developed,
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such as calorimetry, ionization methods, cobalt glass,
and éhemical method., The details of the methods can be
obtained in many texts or original papers in radiation
-chemistry or physics (e.g. 2,8,9). Since chemical method
is one of the most convenient methods of dosimetry and
the one selected for the present work, it will be briefly
presented here, Besides the above experimental methods,
it is also possible to calculate the‘dose rate straight

from the source strength as will be given here as well,

(a) Chemical method

This method involves the irradiation, in the place
of interest, of a system with a known radiation vyield
(¢ value)., Then from the measurement of the amount of
chemical changé iﬁ tﬁis system, the energy absorbed by
the system can be calculated.

Many criterias have been suggested for a desirable
dosimetry system. One of the most widely used system is
the ferrous ammonium sulphate system or Fricke dosimeter
which has been extensively studied. The detailed

procedure is presented in Appendix A.

(b) Calculation from source strength

This method is farely used in the laboratory work,
but is becoming important in dirradiator design. By

knowing the strength of a source in curies (disintegration

per sec.) and the photon energy (eV per disintegration),
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the energy (E) emitted by the source can be calculated

as for example in the case of cobalt-60:

6

3.700 x 10%% (1.173+1.332) x 10
16

E (per curie)

eV/sec/curie

9.283 x 10

The value of E is then divided by the total surface area
of the source to obtain the intensity. The intensity at
any point distant from the source surface can be calcu-
lated, but notice that it depends on the geometry and
location of the point and the materiél interposed between
the point and the source. The treatment of this radiation
intensity is analogus to that of the heat transfer by
radiation (1,6).

From the radiation intensity, the absorbed dose
at that point can be computed by using the relationship

(Page 80 of 9):

. , ) S _
Dy= 0.01 (pa/e)MI t rads (22)

where (pa/e)H is the mass energy absorntion coefficient in
(cmz/gm), I is the radiation intensity at the point in

(ergs/cmz-sec.), and t is the time of exposure in seconds.,

IT-1.6.2 Conmparison of absorbed energies by two systems

The calculation from source strength is a direct
method and will give the doses absorbed by systems of

interest, whereas the chemical method is an indirect
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ﬁethod and will give the doses absorbed by the chemical

dosimeter (e.g. Fricke dosimeter), not the doses absorbed

by the systems of interest (e.g. iodine solution in a

.reactor). To obtain the absorbed dose of a system, it

is necessary to know the ratio of the mass absorption

coefficient of the system to that of the dosimeter. i.e.
(pa/e) system

= (23)
(pa/e) dosimeter

Rsiingle effect

Where the energy absorption is not of a single effect,
but other effects such as photoelectric effect, Compton
scattering and pair production are occuring at the same

time, Eq.(23) should be modified to Lq.(24),

[h(Jla/(’ )+C(}1a/e )+p()1a/(’ 4oy
[h(n, /e )+en, /R )+p(n,/€)+. . ]

Rmultiple effects (2&)

rﬁhere“h(p;/e),rc(ﬁé/é) éndvp(ﬂa/e)_are the mass ébsorption
coefficients contributed by photoelectric effect, Compton
scatteriﬁg and pair production respectively; The mass
absorption coefficients are available for many elements
and compounds as a function of photon energy in the
1iteréture (10,11,56,57,58). Some values felated to the
present work are given in Appendix B. ?db a compound

- Xm Yn at a given photon energy, the mass absorption

coefficient can he estimated (12) by Eq.(25)



(n, /e )X;nYn= mi (n, /0 )y+ nv,(u /e )y (25)

where W is the atomic weight of element (X or Y) divided
by the total molecular weight of the compound and m, n
are stochiometric numbers. Egq.(25) can be extended for
a compound of more than two elements or for a mixture of
two or more compounds. An illustration of this is given

in Appendix B.

Ir-1.7 Ilconomics of Radiation

The economic aspect of the use of radiation is
often the main factor that determines the acceptance of
a process under consideration in the industry. Although
extensive efforts have been expended to apply high energy
radiation to chemical industry, in general its use is not
- widely applicable because of the high-cost'per.unit of
energy. The energy cost Ffor producing a chemical can be

estimated by the following equation.

EC = SC/{(0.373 x G x MW) | (26)

where EC = cost of energy per gram of product (§/gm)
G = G value of product
MW = molecular weight of product

SC = cost of source energy'($/kw—hr.)

i

Thus, in order to cut down the energy cost of production,
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either the G value and/or the molecular weight has to be

extremely large as it is demonstrated in Table 1.

TABLE 1

COST ESTIMATION OF COBALT-60 ENERGY
FOR DIFFERENT PROCESSES

Weight Cost*

Process G value M.VW, kg/kw-hr 8 /ke.
Chemical reaction 5 100 186.5}:10-3 25.00
Chain reaction 5,000 100 186.5 0.025
Polymer reaction 5 100,000 186.5 0.025

¥ Cost of cobalt-60 energy: $5.00/kw=hr.

Normally a G value of at least 20,000 is required to
Justify a commercial application to the production of
a simple chemical which has low melecular weight, Such a
large G value can only be achieved in a chain reaction,
This is the reason why chain reactions are necessary for
the present work. The molecular weights of iodomethanes
are in the range of lh27to 39%. On the other hand, if
the molecular weight is high (such as a polymer), the
energy cost can be reducéd, because the weight of material
produced per photon is high.

For a chemical process where both the G value
and the molecular weight are moderate, then other cost
factors have to be considered, such as the capital cost,
maintennnée cost, cost of energy source. Tor example,

if the processing plant is linked te an existing

2.
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radiation plant{ less canital cost and maintenance cost
are required than for a new isolated radiation plant,
Another way that could possibhly reduce tlie cost is to
-make use of those cheap spent fuel elements, which at
present, can be considered as a waste from the nuclear
energy plants. In some special cases where radiation
might be the only means to provide a satisfactory product,
the process might worth consider, even though the G value
and the molecular weight are not very large. Exanmples
far this are : (1) the grafting of acrylic acid on to
Telflon surface by gamma radiation. (2) reactions in

solid state and (3) crosslinkage of polymer,
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v

IxI-2 RADIOLYSIS OF PURE COMPOUND

Methane is the simplest organic compound and its
radiation chemistry is reasohably well understood. TIodine,
on the other hand is well known in the field of radiation
.chemistry as a free radical scavenger, or a free radical
detector and identifying agent (13). In this section,
some discussion will be presented on the radiolysis of
methane and on the radical scavenging propensity of iodine.
Since methyl iodide is expeéted to be one of the prodﬁcts
in the present work, its radiolysis will also be discussed.
The radiolvses of other expected organic products are not

available in the literature.

IT-2.1 Radiolvsis of Methane

When a sample of pure methane is subjected to a
high energy radiation, both ionization and excitation of

methane happen simnltaneously (14,15,16):

ionization hv + CHh —_— CHh++ hv!
*
excitation hv + CHM —_— CHA + hv"
where vsvt or v¥

In fact by doing an energy balance comparing the number
‘of ions formed during radiation with total energy deposited,

one can find that for every ion formed, 0.74 excited
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molecules are proaucedr(see Section 3.2.1 of 12). Or if
the calculation'is basced on 100 eV of absorbyed energy

(G value), then there will be 3.66* ionizations and 2,71
excitations,

The average energy (W) required to form an ion-
pair for pure methane varies with the nature of the
radiation but an average value of 26.8%0.4 eV was reported
by Weiss ef al. (17). The formation of ions from methane
-is found to be consecutive and hence the appearance
potential for the cnu+ jon is less than that for CH, "

3

ion and so on, The wvalues are given in Table 2, together

TABLE 2

APPEARANCE POTENTIAL AND RELATIVE AMOUNT
OF THE IONS TORMED FROM MLTHANE (18)
+ + + + +
Ton CH), CH, CH,, CH c

Potential (ev) 13.12 14.39 19.20 22.4 26.2

Amount (%) 50 38.2 7.9 3.0 1.05

with the relative amountbof the ions as found in the
mass spectrum of the products. However, according to
the ionic decompositinn pattern shown in Fig.7 the

relative distribution of the ions will be CHh+ (65.5%),

*fhe value can be obtained if the average energy
(W) required to form an ion-pair is known. G=100/¥.
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cu3+ (28.1%), cu,” (9.9%), cn* (0.5%) and ¢* (neglected),

(see ref. 29 of 12).

CH,+ ¢ —> cnu++ 2e

- s cu3++ H

+
> CH2 + H

—— cH's H,

4+
> 01{2 + 112

L-——> ciity u

FIG.7 TIONIC DECOMPOSITION PATTERN OF METHANE

Although the relative ionic distributions in bhoth
cases are differéﬁt,'they agree with each other in that
the principal ions in this primary interaction process

are cnu+ and CH The reactions thus followed will

*
3
mainly involve these two species. T¥rom mass spectrosconic

experiments (14,20) two ion-molecular reactions (Section

II-1.5.2) are known to occur:

+ + o .
CHy, "+ CH, —> CH/ "+ CHj (27)

+ ; + ' ’
CH3 + CH) —> CZHS + H, (28)

The rate constants for these reaction are of the order of

+ +
» Cpllg )

10-9cc/molecule/sec.(EQ). The secondary ions (CH5

are then riormally neutralized by electrons to produce for
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example another methyl radical and a hydrogen molecnle

from CH5+ in reaction (27) and mainly C2Hh and a hydrogen

atom from C_H * in reaction (28). TIodine has been used

275
to confirm the formation of the methyl radical (19).

Traces of ethyl radicals have also been detected and they

may arise from neutralization of a snmall fraction of the

+

5

CH2+, citt are uncertain, but the iodine scavenger work

(Section ITI-2.2) has suggested that the CH

CZH lons. The fates of the other primary species e.g.

2+ may be
neutralized by an electron to give a CHé free radical.

The role of excited methane in the radiolysis is
a subject of considerable doubt and controversy. DMagee (lé)
proposed that beth photolysis and radiolysis of methane
proceed mainly by a free radical process and/or by reactions
of excited molecules, than by reactions of ions. However,
the proposed ionic mechanism,(i&) cddiscussed above is abhle
to account quantitatively for gll the majorvproducts
detected (20) and hence the excited methane plays no part
in the. radiolysis (1, Chap.4 of 2). Nevertheless, one
thing in commmon here is that the-free-radiéals are formed
bofh by dissociation of.excited nethane and neutfalization

of methane ions as swumarized below:

M
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Therefore free gadicals undoubtedly occur as important
intermediates in the methane radiolysis and hence they
are responsihle for the formation of different final
products and quantities,

The final product distribution, however, is very
difficult to predict from the distribution of‘the free
radicals, because the molecules formed during the process
may react with.the free radicals or with one another
resulting in fhe Formation of polymeric products. Mor
instance, ethvlene is helieved to be one of the main
product but it reacts with hydrogen atom or other radicals
as soon as it is formed énd very little ethylene remains
after irradiation. Hydrogen is formed partly from the
reaction of hydrogen atoms and partly from Reaction (28).
'Ethane is formed mainly by dimerization of methyl radicals

Table 3 shows the G values of the products of radiolysis

TABLE 3
RADIOLYSIS CF METHANE

.G value
Product Gamma radiation {21) 1.7 leV electrons (20)

H2 6.4 5.7
C,Hg 2.1 2.1
C3H8 ' 0.3 0.14
C H), 0.1 o.o?
0
O S 0.2 0.04
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of methane. These G values are not largely affected by
some of the physical variables such as temperature, gas
pressure and radiation intensity (14,19). Therefore,
the effects of these variables on the radiolysis of

methane were not intensively studied in the past.

Radical Scavenger

TI1-2.2 Radiolysis of Todine
The most direct way of studying free radicals
is by electrons spin resonance but reliable results can
also be obtained by determining the final nroducts of
ifradiation, either with or without a radical scavenger.
Using a scavenger as a solute in a mixture, theifree
radicals formed from the solvent have the choice of
reacting with each other or with the solute (scavenger).
At'a sufficiently high solute concentration, but less

3

than approximately 10 M, nearly all of the radicals
.disappear by reaction with snlute to form some detecable
final products. Thus by determining the amount of the
products, one can obtain the corresponding radicals
formed by irradiation., Todine is demonstrated (13) to
be a very efficient radical scavenger for reactions of

the type:

R* + I, —> RI + I (29)

This method has bheen adopted by many workers in studying

the radiolysis of hydrocarbon (19,22,23,24).
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 The method, however, has difficulties that need
to be resolved in order to make the method more reliable.
One of the difficulties is that the reaction mechanism
"is not always known, and this leads to some uncertainty.
Another difficulty is that there is a possibility of
charge or energy trénsfer from solvent to solute which
may act as an energy sink. Extensive work has been done
on the possibility of minimizing this complication. One
possible solution is to lower the solute concentration.
TTessenden (gg) renorted that the yield for the formation
of alkyl iodide from cyclohexane in deaerated solution
5

was independent of iodine concentration from 10 °M to

SXIO‘BM but was somewhat higher at higher concentrations,

3

But solute concentration below 10 “M was recommended (23).
Although the radiation-induced iodination of
methane has a comnletely different objective from the
objécfjve of the radiolysis of methaﬁe using iodine as
radical scavenger (see Section II-3.3) and hence the two
reactions are expected and hoped to be differeﬁt, yet it
is interesting to study the scavengér wofk applied—to
the radiolysis of methane in somewhat more detail.
Experimentally (19), the radiolysis of methane has been

performed in a 500 cc. spherical flask having a small

'‘window' to reduce absorption of soft radiations of the

3

X-rays. The gaseous methane plus approximately 1077 M
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of iodine are introduced by vacuum distillation into the
flask which is then closed by a glass seal and irradiated.
Using the X-rays or electrons of 2 MeV, the sample is
irradiated for a period of time that produces about 50%
reaction with the iodine. The results are summarized in
Table 4., Notice that the variations of the pressures

of the components and the intensity of the radiation
appear to have no significant effect on the relative

amount of products,

TABLE 4

RADIOLYSIS OW METHANE USING TODINE
AS RADICAL SCAVENGER (19)
Pressure Pressure Products (Relative Yield %)

Radiation of CHh of T

Source mm Hg mm ﬁg Mel EtI CH212

X-rays 120 L1h 74 5 2t

X~-rays- - ‘120 .14 74 5 - 21
e 120 .07 71 5 24
e 120 .14 77 5 18
e 120 .175 76 5 19
e- . 120 . 1h : 7h L 22

22 (cmy,)

e 22 §H23 b 77 6 17
e 20 . Lk 80 Ly 16
e 20 .14 77 oo 19
e 334 .1h 80 7 13
e 576 .1h 77 5 18

I1-2.3 Radiolysis of Methyl. Todide

In the radiolysis of methyl indide, the fragmenta-
tion is most likely to happen at the C-I bond rather than

the C-H bonds (19,25). The reasons for this are that the

’



C-TI bond is by far the weakest in the molecule and the
iodine atom has Ffar more eleétrons than any other atom
of the molecule and therefore, ionization or excitation
at this point is most likely. Most work (25,26) on the
radiolysis of liquid methyl iodide is using X-rays of
100 keV energy but it has been demonstrated (25) that
the decomposition by gamma radiation produces the same
relative yields of products as that produced by the
X-ravs.

The ionic processes in the over-all decomposition
are believed to be the most important readiation processes,
The methyl iodide, after absorption of the radiation
energy, will become excited or decompose to various ions

as Eq.(30) depending on the absorbed energy. Note that

*
hv + cnj-I o CHBI hv < 9.5 eV (30-a)
—> CHBI++ e” 9.5<hv <12.4 eV (30-b)
— CH3++ T+ e~ hv>12.4 ev ~ (30-¢)

the appearance potential of CH3+ ion is 12.4 ev (27) and

the ionizing potential of methyl iodide is 9.5 eV. The
* _

excited CHBI of Eq.(30~a) may dissociate into high

energy thot radicals' as:

*

CH3T' —> CHy- + I- (31-a)

—> CH," + HI (31-b)

Since many ‘free electrons are produced in ionization,



Lk

these electrons may attach themselves to the solvent
methyl jiodide as:

CH,T + em —> CH:}I-+ 3.6 ev (32)

Thus the charge neutralization reactions followed will
be numerous. Some of the postulated reactions are

given below.

-+ - * : .
CHaI '+ e — CHgI + q 9.5 eV (33)
CH31++ CHBI- ~——> CH T + CHyI (34-a)
—> CH,Cli, + T, {34-b)
+ - .
CHy™ + CH4T —> CI4CI, + I (35-a)
— CHg'+ CHT (35-b)
ot - ¢
CH,JI. + I — Ch3 + I, (36)

The neutralization prdcesses are highly exothermic so
that the products may or may not be stable depending
upon the distribution of the energy in the system., The
final product distribution, relative to the yield of
iodine as unity, was found (25) to be hydrogen (0.067),
methane (0.47), ethane (0.90), ethylene (0.067),
acetylene (0.026) and a trace amounts of methylene iodide
and ethyl iodide. The yields of these products are
directly proportional to the total irradiation dose

given to the sample with very little or no induction
period being obhserved. The high yield of ethane suggests

Y . » - . )
the importance of ionic processes such as Reactions (34-b)
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and (35-a). Thé hot methyl radicals, for example from
Eqs(31-a), (35-b) and (36) are believed to be responsible
for the large fraction of methane and methylene iodide
production, Hydrogen presumably is formed directly by

the dissociation of the highly excited molecules and ionic
species, The association of hydrogén atoms is ﬁot likely
because the lack of strong effect of iodine (radical
scavenger) on the hydrogen yield (Fig.8) indicates the
hydrogen atoms are not produced as intermediates.

The presence of snall amounts of iodine produced
as a result of the decomposition does not apparently
inhibit the formation of products to any appreciable
extent but if free iodine is added to the sample béfore

"the irradiation, the yields are Eound.to decrease as
shown in Fig.8. Thus the iodine only affects the
production to an appreciable extent when it presents at
a relatively high concentration (0.l1-4 M in iodine).
Notice that the effect of iodine on the production of
ethane is much larger than that of hydrogen.

Recently, Vilenchich and Hodgins (él) reported
that at dosages between 7.7 X 1016 and 7.5 x 1019
eV/(gm)(min.,), the decomposition of methyl iodide in a

2 ml., glass ampoules was negligible at room temperature.
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I1-3 GAMMA - INITIATED HALOGENATION REACTIONS

Gamma-initiated chlorination of aromatic compounds
(gg,gg) and methane (12,30) have been studied with an
ultimate aim of producing these chlorinated compounds using
high-energy radiation as an initiating agent., Although
the commercial use of radiation to.produce these chemicals
has not yet become a reality, this kind of halogenation
work has been extended to other halogen such as iodine (31)
in ordef to achieve a better understanding on this almost |
unexplored area. Obviously the feasibility of producing
these halogenated compnunds relies on the possibility of
having chain reéctions since low molec;lar weight
compounds are contemplated (see Sectibn II-1.7).

It is well known in the elementary chemistry that
the tendency to undergo radical chain halogenation
decreases in the order F>Cl> Br > I, because the heat of
reaction increases from F to I, Fig.9 compares the heats
of reaction and activation energies of chlorine, bromine
and iodine radicals. The attack of chlorine atom on the
C-H bonds is an exothermic, low activation energy process,
whereas the attack of bromine atom is endothermic except
for the very weak C-H bonds, The heat of formation for
the displacement step with the iodine atom is high; 32,6

kcal for methane and 6.0 kcal [or toluene. Thus the
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FIG. 9 HEATS OF REACTION AND ACTIVATION ENERGIES OF
«Cl ,«Br AND I+ RADICAL REACTIONS (52)




prospects of chain iodination by iodine atoms are

unpromising (52).

IT-3.1 Chlorination of Aromatic Comhounds

The chlorination reactions induced by gamnnma
radiation are generally considered as extremely fast and
G values are as high as 101‘ to 106 (2,29). 1In fact for
chlorination of benzene, the reaction proceeds so rapidly
that the reactants have to be diluted with some solvent
such as carbon tetrachloride in order to slow down the
reaction for hetter control. The other aromatic compounds
which have been studied are for example toluene and
chlorobenzene with the use of gamma radiation from
l-kilocurie and 10-kilocurie cohalt—66 sources. The G
valﬁes reported are ahout 85,000 for chlorination of
benzene and 14,000 to 18,000 for chlorination of
toluene (28,29).

The chlorination of toeluene occurs bhoth by addition
to the ring and subhstitution in the side chain, It was
found (29) that the initial rate of the reaction was
proportional to the radiation intensity an@ the chlorine

concentration as follows:

| 0.5 2 . 0.5 0.5
R,o< (1777 [01,] ) gups. * (177005177 ) a4,

Impurities such as oxygen and benzyl chloride are
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added to the system for investigating the effect of
impurity. For ;he case of oxygen, when about 1.7%

oxygen is added to the chlorine, the rates of addition and
substitution are decreased to about one fifth and one
twelfth respectively of the value obtained without the
oxygen, This strong oxygen inhibition is presumably

caused by the following reaction:

R* + 0, —> RO,: (14)

which is reported in many radiation-induced reactions (2).
Tor the case of bhenzyl chloride, its present in.benzene

or toluene to the extent of more than 1 mole % virtually
stopped the usually rapid addition reaction of chlorine

to the aromatic ring (28).

II-3.2 Chlorination of methane

The radio-chlorination of methane was investigafed
recently (29). The results showed that radio-chlorination
process followed different mechanisms and/or has different
rate constants from the nhoto~chlorination nrocess, even
though hoth processes produced the same products. A
reaction scheme for the radio-chlorination has been
proposed (32,33) as follows:

Chain steps:

) Cl,w—> 2C1- (37)

Cl*+ RH Z—= R-°+ HC1 (38)
Res 012 —— RCL + Cl: (39)
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Overall:

CHy+ Cl, -—> CH,Cl + HCL (40)
CH,Cl + CL, }——; CH,Cl,+ HCL (1)
CH,Cl,+ Cl, —> CHC14+ HC1 (42)
CHCl,+ Cl, —> CCly+ HCL (#3)
0O
Above 5007°C:
CHy,+ 2C1 —> C + 4HC1 + heat (4h)

Thus the four chlorinated methanes are expected in yields
depending upon the exmnerimental conditions. The experimentéi
parameters studied together with the parameter ranges are
given below (30}.

Initial gas pressure (mm lig) 100-10,000

Initial gas conc. (mole % Clz) 10-95

Initial gas femberature (°c) 30-120

Absorbed dose (eV/gm) 5,0x10'7-2,0x10%?
The reaction was carfied out in gas-phase in a batch
reactor of approximately 50 ml. capacity. With gamma
radiation from a 5300-curie cobalt-éo source, the G
- values were reported to be as.high as 7.2x105. The
product formation, as shown in the overall reaction scheme
above, is of the consecutive nature with methyl chloride
concentration initially the highest (Fig.10). As the
conversicn proceeds the methyl chloride concentration

decreases while the concentrations of the other prodnucts
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CH,Cly
CH013

@%Cl

~18
Absorbed dose (eV/gm) x 10 .

FIG.10 CHLORO=-M:THANES PRODUCT DISTRIBUTION
(INITIAL GAS COMPOSITION: 50. MOLE % Cl,) (30)

are building up. In general, at a given temperature and
dose rate, the lower the initial chlorine concentration,
the more favoured is the production of lower chloromethane.
For instance, maximum production of methyl chloride cccurs

at about 30 mole % C1l at about 60°% for methylene

2’

chloride, at about 70% for chloroform and at about 90%
for carbon tetrachloride, Also the chlorine utilization
was found to be complete for gas bends of less than 30

mole % Cl,. Above 30 mole % C1 the average chlorine

2

conversion was 93.6%.

2’

The throughput, at 1000 mm.Ilg pressure is too
low and the energy utilization is too high for this

process to be comrercially attractive and so high pressure
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and high temperature work has been investigated. Results
had shown that the increase in temperature and pressure
did not decrease the conversion. In fact, slightly
higher conversions were obtained and the optimal G values
were in the order of 106. HNowever, at high temperature,
with this highly exothermic reaction as discussed before,
large excessrof heat will be generated in the system.

The side reaction, Eq.(44) might proceed under such
circumstances. In fact reaction (44) was reported (30),

Thus proper heat exchangers have to be included to the

reactor to remove the excess heat.

IT-3.3 Todination Reactions

As shown .in Eq.(37) to Eq.(39), the chlorine atom
"formed by dissociation abstracts hydrogen atom from
hydrocarbon molecule, giving hydrogen chloride, }owever,
in the case of iodine as mentioned before and shown in
Tig.9, the iodine atom cannot do this because the |
reaction would he highly endothermic. Instead the iodine
atom will react with other radicals or with each other,
If the iodine atom is attacking other free'radicals and
forming 'dead' snecies, the icdine will act as a radical
scavenger and this is in fact pregisely the function of
iodine in much radiation chemistry work - the detection

-

and determination of free radicals formed in the systernis
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(seeHSection ITI-2.2). It should be noted, however, that

in the radical scavenger work the iodine is present in a
very low concentration (less than 1073 M) and this presence
of iodine, at a first approximation, is neglected in the
primary processes and no iodine radical is formed (52).
Radicals of the hydrocarbon are assumed to form through
reactions in the primary processes such as the one shown

in Section ITI-2.1, page 38, or summarized as:

M w— Ry + R,e (45)

These free radicals might then attack the iodine as Eq.(46)
in the secondary reaction processes. Other possible
secondary reactions of the radicals are suggested as shown

in Eqs.(47) and (48).

Rl;+ I, — RyI + I (46)
R,++ R, —> RR, (47)
Ry++ Rgll —> RyM + Rge (48)

Reaction (47) is very small in comparison to (46) or (43)
when the radical concentration is small at moderate
reaction rates. Reaction (48) has an higher activation
energy (10-15 kcal.) than that of Reaction (46), probably
about 1 kcal. Thus Eq.(46) seems to be the predominating

o . :
reaction at temperature about 25 C and at low iodine

concentration.
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All the work, in the past, on the radiation-induced
reactions between iodine and wvarious hydrocarbons were
concentrated in the low iodine concentration region with
the purpose of using iodine for quantitative determination
of radical production in the radiolyses of these hydrocarbons.
Weber et al. (34) gave a brief review on the subject and
the results expressed in term of G value of iodine consumed
were presented. Generally, with the ioﬁine concentrations ‘
in paraffins and their derivatives at about 1073 to lO-uM,
the G values for the iodinc consumed fell in the range of
2,6 to 4,.,5. TFor aromatic hydrocarbons at the similar
iodine concentration range, the G(-IZ) varied from 0.3 to
1.9, In Yeber's work, X-radiation was used and sample of
liquid hydrocarbon (1Oml.) containing the desirable
concentration of iodine was sealed in an irradiation cell
after degassing by repeated freezing and pumping,

Thus, at this stage of the discussion, it seems
hopeless to expect that the radio-iodination of methane
is of any commercial value because the G value is going
to be very low., However, recently Vilenchich and lHodgins (Ql)
reported that the gas-phase gamma initiated iodination of
methane yielded G values as high as 7x107. Such
surprisingly high yield was believed to be the result of
autoccatalytic effect of iodine which had also been

reported in the iocdine exchange reactions between
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h—iodoantipyrene and iodine in carbon disulphide, benzene
and aliphatic alcohols (36). This gas-phase reaction

was carried out in a stainless steel reactor of 300 ml,
capacity. In preparing an experimental sample, the
reactor was first evacuated to 10-6 mm., of mercury.
Todine in ether solution was then introduced into the
evacuated reactor hy a»syringe. Methane was_then added
to an appropriate pressure,

The experimental parameters studied and their

values are as follows (31):

Initial pressure (atm.) 1-2

Initial vapor conc.(mole % I,) 10-90

Temperature (°C) 80-230

. 16 19
Dose rate {eV/gm-min.) 7.7x10" "~7.5x10
Absorbed dose (eV/gm) b.6x1017-5,7x10%1
Irradiation time (min.) 2-76

The identified products in the reaction were methyl iodide,
methylene iodide, iodoform, ethyl iodide and hydrogen
iodide, No carbhon tetraiodide had been detected. The
extremely high G values obtained indicate that a long
chain reaction must have taken place. Reaction scheme
such as Eq.(45) followed by :q.{46) will not be possible

to provide those large & values because these two
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reactions are of radical scavenging nature and G values
will never be larger than 10, Thus, instead the reaction
scheme could follow that proposed for the chlorination
reaction, Eq.(37) to ®#q.("3). Accordingly the following
iodination reactions were proposed (31):

Chain steps:

I, w—> 2TI° (b9)
I+ RH = R-+ HI (50)
Re+ I, <—— RI + I. (51)

2

yhere RH can be CHh’ CHBI, CH2I2 or CI[I3

Overall:
CHy+ I, —> 01{31 + HI _ (52)
CH,I+ I, —> CH,I,+ HI (53)
CH,I,+ I, —> CHI4+ HI | (54)
CH.,I + CH,I, ——> CH,CH, I + I (55)

3772 2

However, it should be noted that '%q.(50) is thermodyna-
mically not favourable because it is an endothernic
reaction., Reaction (55) was believed to be catalysed by
the ferriec iodide which was formed on the inner wall of
the reactor over a long period of use,

Thg thermal reaction between equimolar quantities

. ; . o
of methane and iodine at 126°C for B hours and at 160°C
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for 48 hours was not observed. Therefore no reaction
would be possible unless gamma radiation was used., Also
it was reported that within the experimental range, the
reactant concentration had relatively little effect on
the yields of methyl iodide (except for 130°C'runs),
methylene iodide and iodoform. The temperature, dose
rate and total absorhed dose were found to be the most
important interacting variables. Experimentally, the
optimal conditions for the formations of methyl iodide
and methyvlene iodide were at 130°C, an initial iodine
concentration of 7 mole %, a dnse rate of 7.7x1016 eV/gm
min, and a total dose of 1233 rads., Yields of CHBI and
Cli,I, at these conditions were 60 weight %, G = 7x107
and 17 weitht %, G = 1.’47x108 respectively.
An interesting experimental phenomenon observed

during the experiment is that the reactor pressures in

some cases build up suddenly and then drop back to normal
pressure, Since there is no change in the total number
of molecnle according to Eq.(52) to %q.(55), one possible
explaination to this phenomenon is the sudden increase of
temperature inside the system. This will imply that the
overall ‘reaction is exothermic. But the values of the
heat of reaction for Eqs.(52) and (53) at 25%°% are

estimated from the standard heats of formation (21) to

be 14.109 .kcalfg-mole and 2.32 kcal/g-mole respectively.
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The positive values of heat of reaction indicate that
both reactions (52) and (53) are endothermic reactions.,
The heat of reaction for q.(52) at 1300 has also been
"estimated using the standardreqnation (2§) such as:

0

AH 30" A}‘°25+[Zpr0d‘(ncp)- Zrect.(ncp)] (130-25)

The molal heat capacities of HT, I2

I, the molal heat capacity

and CH& are available
in the literature (39). Tor Cli,
is roughly estimated by Kopp's rule (page 130 of 2§).

The value of aH® is estimated to be 14,562 kcal/g-mole,

130
which again shows that reaction (52) is endothermic. Thus
the suggestion of sudden increase of femperature in the
reactor in order to account fer the sudden increase of
reactor pressure 1s not satisfactory unless the reactions
do not follow the proposed reaction scheme, £q.{49) to
Eq.(SS).

This phenomenon has not yet been explained
successfully by the authors (31). Although it is only
a small experimental observatibn, it could be a clue to
the unexpectedly high G values obtained in the experiments.
Obviously, what the ganma radiation has done on the

interniediate state of the iodination process has to be

further elucidated.



IIT EXPERIMENTAL

ITTI-1 INTRODUCTION

With the ultimate (original) objective (see
Section I) in mind, a flow system was designed for
carring out the gamma-initiated iodination in liquid
phase. The reasons for this decision are: (1) a flow
system is more practical for any conmercial scale
reaction and (2) the gas phase iodination requires
larger réactor and hence larger and more expensive garma
radiation source.

Appendix ) gives a detailed discussion of the
design of a flow system, For the present work, the
desigﬁ is hasically éiﬁilar to tﬁe one used by Harmer
et al. (ho,ii) in the Dow Chemical's ethyl bromide

process and by Harmer et al. (g§.§2) in their clilorination
work, It involves a continuous bubbling of methane
through a column of iodine selution, The iodine solution
can either bhe fed into the reactor continuously or only

at the beginning of the experiment in a semi-batch process.
Almost all the present experimental work was performed in

a semi-batch process hecause of its simplicity and other

reasons which will he presented later,

60
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Although there is an ultimate (original) objective
to be studied, an immediate objective arose during the
course of the study has to be first solved., This immediate
objective is to get the reaction to proceed at a reasonahle
rate in the liquid phase (see Section III-5). In fact,
this thesis is focussing on this imniediate objective.

Thus the areas of experimentation, és presented in Section
ITI-5, were designed to handle this immediate objective,.

The chemicals used in this study were of reason-
ably pure grade and no further purification was done on
them. The snecifications for these chemicals are given
in Section TII-2.

Because of the very corrosive nature of iodine
and the degrading nature of gamma radiation, all parts
of apparatus in contact with iodine and radiation were
made of glass (Pyrex). The details will be given in
Section ITIT-3 and Appendix D,

Product analysis was carried out with a gas
chromatograrh. Liguid samples from cold trap, reactor
and gas-liquid separator were injected into the colunmn
of the éhromatograph via a micro syringe. In this
preliminary exploratory work, only the liquid sample
which contained practically all the carhon containing
products was of interest and thus the gaseous product

stream mainly consisting of unreacted methane, hydrogen

iodide was not analysed.



ITI-2 CHEMICALS

A large number of chemicals was involved in this
‘work. Some of their inportant physical constants that
will be referred to are tabulated in Appendix F. These
chemicals can generally be classified into five groups

for purposes as follows:

(A) Reactants
The two reactants used in this work were methane
and iedine. Both reactants were purchased in 1968 and

used by Vilenchich (2&) for gas-phase iodination reaction.

Methane — Certified grade (C.P. grade) methane supplied
by the Matheson Company, Whithy, Ontario was used, The
minimum purity is 99 mole %. A typical analysis of C.P.

grade methane is as follows:

i
o
=
o]
A

:

Component

Methane

Ethane

Carbon dioxide
Nitrogen
Propane
Oxygen

c

(oNeNoNoNeAN.]
COONH I
QW

Ut

This C.P. grade methane behaved identically to the
research grade methane (minimum 99.99 mole %) as far as
the chlorination reaction of methane was concerned (lg).

Its use was therefore continued in this work.
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Jodine — Reagent grade, resublimed iodine, supplied by
Shawinigan, the McArthur Chemical Co. Ltd., Montreal.
The maximum impurities are:

Non-volatile 0.0L0%

Chlorine & lromine (as C1) 0.,005%
(B) Solvents

A total of eleven solvents were used including

the products methyl iodide and methylene iodide. ' The
specifications of methyl and methylene iodides will be
given next under the headline of products and the

remaining nine solvents are summarized as follows:

Solvent . Grade Supplier
Benzene Certified Fisher Sc. Co. N.J.
(Thicphene free) (spectranalyzed)

Carbon tetrachloride Analytical Mallinckrodt Chen.

(Low sulfur) Reagent Works Ltd.lMontreal

Ethyl iondide Reagent The British Drug

House L.td.

n-Fexane Reagent Fisher Sc. Co, N.J,

{fethanol The McArthur Chem.

(Methyl hydrate) Reagent Co. Ltd.,Montreal

Tetrachloroethylene Eastman Organic

(stablized with Spectro Chemicals, N.Y,

Thymol)

Toluene Analytical Mallinckrodt Chem.

Reagent Yorks Ltd.,Montreal

Eastern Chem.Corp.

i - ‘
t,2,4-Trichloro Reagent . o

benzene

Trichleoroethylene Reagent Allied Chem. N.J,



(c) pPro

ducts

Three carbon containing prodncts were purchased

purpose of analysis references and gas chromato-

(2)

(3)

()

for the
graph calibration. They are:
Chemical Grade Supplier
Methyl iodide ®isher Certitfied
(stabilized with (not less than Fisher Sc. Co.
metal copper) 99.5%)
Methylene indide
(stabilized with Purified Fisher Sc. Co.
metal copper)
Todoform Reagent The DBritish YDrug
House Ltd.
(D) Fricke dosimetry
Chemicals involved here were all analytical reagent
grade. They can be subhdivided into four groups for four
purposés as follows:r
(l) Nose rate vs. ahsorbance calibration curve.

Chemicals: mrerric sulphate (crystal),
sulphuric acid.

NDetermination of Yerric concentration by titration.-
Chemical : Potasiwm permanganate.

Standardization of potasium permanganate solution.

Chemicals: Iron wire, hydrochloric acid,’
Stannous chloride, meércuric chloride
manganese sulphate, sulphuric acid,
phosphoric acid.

Dosimetric solution

Chemicals: Ferrous ammoniwun sulphate,
sodium chloride, sulphuric acid,
oxygen, triply distilled water,
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(E) Chromatographic columns

The coafed column packing that was used success-
fully in the present work was chromosorb W, AW-DMCS
"treated with 10% silicone gum rubber SE 30, 60/80
mesh size, supnlied hy the Chromatographic Specialties,

‘Brockville, Ontario.
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ITI-3 APPARATUSV

The flow sheets of hoth flow and semi-batch
processes are shown in Fig.ll and Fig.l2 respectively.
The dimensions and discussion of the design of the
equipments are detailed in Appendix D. In the flow
process both methane and iodine solution are continuously
fed into an overflow reactor.- However, if the iodine
solution feed line is removed frqm *ig.1l, the cdntinuous
flow'pbocess becomes a semi-batch process, Fob conveniencé,
this semi-batch process 1is referred to as an overflow
semi-batch process., In this process, the methane wvapor-
ized and carried away part of the iodine solution from
the reactor so fhaf the solution.level in the reactor
could not be maintained unless the iodine solution was
feeding in continuously as the flow process. Ience the
contact time hetween a methane bubble and the surrounding
medium would be reduced as the level was dropping. Thus
the overflow process was modified as shown in ®ig.12.
A Pyrex condenser wiﬁh coiled condensing tube cooled by
ice water and located on top of reactor was acting as a
reflux condenser. Under this condition, oﬁly the unreacted
me thane, and the uncondensible vapors at about QOC, such
as iodine, solvent and producfs could escape from the

reactor, This small quantity of escaped vapors, did not
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change the solution level appreciably. This process is
called as a reflux semi-batch process to disfinguish it
from the overflow semi-batch,process.

Generally, the apparatus can he divided into
three sections, namely the feed rate controlling system,

the reactor and the products collecting systemn.

ITI-3.1 Teed Rate Controlling System

This part of the apparatus was 5uilt oﬁtside of
the hot cell so that it‘enabled the operator to control
the system without heing exposed to the radiation inside
the hot cell. As shown in Fig.ll the methane from a gas
cylinder was controlled and metered by a needle valve
(a) and a calibrated rotameter (A). ‘Since the methane
had to force its way through about 4 inches of solution
in the reactor (éee ™ig.D-4 in Appendix D), a pressure
of 3 psig (see Appendix I') was maintained by a pressure
regulator (C) down stream of the rotameter in order to
avoid fluctuation of the rotameter floats. The reactor
pressure was indicated by a pfessure gauge- (B) which
normally should read zero nsig.

The iodine solution frcm a reservoir (D) was
drained through a three-way valve into burets 1 and 2
alternatively. A nitrogen pressure of 10-15 psig

was used to force the soluttion into the rotameter and

69



the flowrate was then controlled by a Nupro bellows type
4LBG morel valve. The rotameter for iodine solution was
not calibrated because different solvents and different
. iodine concentrations were expected to be used in this
work. Thus the exact quantity of solution fed into the
reactor was read from the two burets with the deduction
of the solutioﬁ hnld up in the line (62.0.m1.). The
rotameter was therefore merely acting as an indicator
for constant feed rate,

A third rotamefter had also been set up to meter
and control the flow rate of the recycie stream, but
was not used in this preliminary work.

All rotameters were purchased from the Brooks
Instrument Co., Ontario., The specifications are given
in Appendix I together with the methane flow rate
calibration curve,

The transporting tubhings as shown in Tig,1ll1 were
unavoidably long and therefore the only way to decrease
the liquid hold up in the tubings was to reduce the tube
diameter. "Thus a 2 mm. ID capillary had been used for a
fast transnortation of the products and the unreacted
reactants from the reactor to the separator in order to

avoid any further reaction inside the tubing.
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ITI-3.2 Reactor

| -Two kinds of reactor were used for the experiment,
referred to as overflow reactor and reflux reactor as
'shown 1in Tig.D=4 in Appendix . Both reactors could he
classified as conventional backmix reactors. The mixing
in the reactors was carried out hy the bubbling methane
and with a small volunme (28 mL.) of snlution inside the
reactor, a normal methane flow rate of 20 ml./min.
provided vigorous mixing.

The reactor consisted of a 10 in.x £ in. ID Pyrex
tube surrounded by a 10} in.x 12 in. OD Pyrex water jacket.
The reaction zone is only b.5 in. deep located at the
lower part of the inner tube, The maximum solution
capacity of the overflow reactor was 28 ml. so that normally
it was charged with 25 ml. of iodine solution., TFor the
reflux reactor a volume of 35 ml. was normally used.

The solution in this region was levelled in such a position
that longitudinal uniformity of dose rate could be obtained
(see Appendix C). Although water in the jacket fell hetween
the reactor and the cohalt-60 source, it was found that

the reduction of radiation by the water layer was negle-
ctable. Nevertheless, dosimetryv was performed with the
water running through the jacket.

Two copner-constantan thermocouples were used

to measure the temperatures inside the reactor and the
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water jacket., The temperatures were recorded continunously
on a calibrated Honeywell temperature recorder. The tem-<
' pératufe in the water ﬁéth was controlled by a ﬁaake
temperature regulator éndvthe reactor and water jacket
temperatures were maintained within ¥ 1°C. VWhen the
reactor temperature was below the boiling point of the
solution, the reactor and jacket temperatures coincided,
¥When the reéction was carried out at boiling temperature,
the water Jjacket temperature was kept at about hOC

higher than the temnerature inside the reactor., The
condenser on top of the reflux reactor was maintained at
constant temperature by circulating ice water throngh

the condenser. Those sections of transnorting tubings,
inside the hot cell were shielded from gamma radiation
by %+ inch lead sheet.

In order to hegin irradiation, the snurce was
opened on a longitudinal hinge by a pair of slave
manipulators, and positioned coaxially about the reactor,
The positioning stand for the reactor and source is
illustrated in *ig.C-4 (Appendix C). 1Its function was

to ensure that the reactor and the source were always in

the same geometric relationship.

I1T-3.3 Products Collecting System

As the methane was bhubbling through the solution,
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it removed the solution (both iodine and solvent) from
the -reactor through vaporization. Thus a collecting
- 8ystem-for this -solution. was needed. -

The original design of the products collecting
system as shown in ®ig.D-5(b), Appendix D was a gas-
liquid separator with an ice water condenser on top of
it. Such arrangement would collect all liquid from the
reactor, Since the three expected organic products are
either liquid or solid at room temperature, by the time
the products arrived at the separator, they would condense
as liquid. In passing through the condenser, very little
prodiuct would he left in the gaseous stream which would
be mainly the wunreacted methane and hydrogen iodide. The
liquid products collected in the separator were then
witﬁdrawn from the bottom., Part of it was used in the
gas chromatosranh analysis and most of it recyéled back
to the reactor either untreated, or through a product
separator step. (crystallization or distillation).

Tor the nresent work, in the continuous flow
process, the original system was used except that the
product stream was not recycled to the reactor. In
addition to this, the condenser on top of fhe separator
was renlaced by a dry ice-acetone cold trap as shown in
Fig.11l. This system was used for the overflow semi-batch

procass, but for the reflux semi-batch process, only the
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cold trap was used as shown in Tig.12. The me thane
together with the uncondensed vapors (if any) escaping
the cold trapApassed through either a soap bubble meter
or a Pyrex gas sampling hottle and a gas sampling bonmb.
The soap bubble meter indicated the flowrate and the
Pyrex sampling hottle was used to collect samples for
vapor density measurements, The gas saépling bomb was
used to collect gas saniple for gas chromatograph
analysis. THHowever, in this preliminary work, emphasis
was placed on the carbon-containing products which should
be of a neglectabhle quantity in the gaseous stream after
the cold trap. Therefore no gas sample was taken and

for the same reason this section of the apparatus did

not appear in Tig.l1l1 and ™ig.l1l2.
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ITT-4 EXPERIMENTAL PROCEDURE

The experimental work was mainly carried out in
the semi~batch process, with only a few continuous flow
experiments performed. The three main steps involved in
the procedure were (1) the reactant preparation, (2)

the irradiation and (3) the product analysis.

Irr-h.1 Reactant Preparation

The iodine solution was prepared by dissolving
a known quantity of iodine in a solvent in a volumetric
flask. Because any impurity might act as a reaction
inhibitor,all the glassware used in the experiment was
thoréughlf cleaﬁed with chromic acid, distilled water
"and oven dried. A high vacuum silicon grease produced
by Dow Corning, U.5.A, was used for all ground joints,
All tubings leading the reactants to the reactor were
kept away from dust and purged with nitrogen or methane
before attachment to the reactor. The tubes were cleaned

and dried hetween runs.

ITI-4.2 Irradiation

A measured quantity of iodine solution was

introduced into the reactor. The heating water was then

circulated through the systemwith the temperature
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indicated on the recorder. ¥When a constant reactor
température was achieved, the methane wns switched to
the reactor for 5 to 15 minutes in order to displace any
‘dissolved cases (mainly oxygen). The cobalt-60 source
was then positioned as described in Section III-3.2
and the timer was started. 7The irradiation normally
lasted from dne to four hours,

When the dirradiation was completed, the source
was lowered into the well. The total time taken in hring-

ing wup the source in position and then lowering it

back to the well was 1.5 to 2 minutes. The swmall dosage
error introduced in this manipulation period is discussed
in Appendix B,

The dose rate of the source was calibrated using
a Fricke dosimeter as detailed in Appendix A. The
absorbed dose by the system was calculated as described
in Section II-1.6 and illustrated in Appendix B. No
correction being made for the decay of the source strength

as explained in Appendix 1.

TITI-4.3 Product Analysis

In the work of gas phase iodination of methane,
the product analysis was carried out by ultraviolet
spectrophotometry on a Beckman Model DK-1 Spectrophoto-

meter, calibrated against nrepared pure and mixed



standards (31). But the optical absorbances of the
iodo-methanes were very high and the absorption spectra
overlapped. Therefore the analytical problem required
special techniques for resolution (&g). The compléxity
of the resolution technique suggested that other analy-
tical methods should be considered.

The method of product analysis chosen for this
work was gas chromatoegraphy. The instruments used for
this purpose were a Varian Aerograph Series 152013 gas
chromatograph with a thermal conductivity detector, a
single pen one millivolt Westronics strip chart recorder

and a Hamilton micro syringe of 10 ul capacity.

IIT-4.3.1 Sample for gas chromatographic analysis

Only the liquid product streah which contained
practically all the iodomethanes was analysed in this
primary inyestigation.

*or the continuous flow process, liquid from
the reactor was collected in the gas-liquid separator.
and a sample was withdrawn and analysed every half hour,
The vapor condensate from the cold trap was "analysed at
the end of each experimental run, A sample was also
taken from the reactor when the solution had been cooled
down to room temperature.

In "the semi-batch process, samplings were

77
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performed only at the end of the experimental run. Tor
the overflow semi-batch process, samples were taken from
three places — separator, cold trap and reactor. For

. the reflux semi--batch process, samples were taken only
from cold trap and reactor.

The quantity of liquid collected in trap or
separator depended upon the operating temperature, time,
gas bubbling rate and the volatility of the solvent used,
Generally very little liquid (O to 2 grams) was collected
in the cold trap especially in the reflux semi-batch
process where the condenser would bring most of the wvapor
back to the reactor., The amount of liguid collected in
the separator varied quite largely, from few grams to
nearly the total»weight of solution introduced into the
reactor, This extreme of complete vaporization of the
solution from the reactor happened when the operating
temperature was close to the boiling point of the solwvent,
However, if the temperature was kept 20 to 30°C lower
than the solvent boiling point temperature for a reasonable

*
length of time (2 hours), less than 10% of the liquid

* Trom vapor pressure data of pure CCl), at about
5600 (b.p.=76.5°C) and assuming the 20 ml/min. flowrate
of CH, 1is saturated with the vapor, about 7 gm. of CClu
will be vaporized in 2 hours. This constitutes about
17% the original reactor solution.,
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in the reactor would be vaporized and about 3 to 7 gm, of
liquid was collected in the separator.

Quantitative studies (see Section IIT-5) were
made on a few experimental runs where carbon tetrachloride
was used as solvent because they were considered to bhe
the 'best' results obtained in the present work. Thus in
those cases, all the liquid samples were weighed. These
weights coupled with the gas chromatographic analysis
would provide the data for computing the conversion and
yields of the reaction, the radiation yields (G values)
and for making a material balance of the system. A

sample calculation is given in Appendix H.

IIT-h.3.2 Column and chromatogranphic operating conditions

The liquid product stream was expected to consist
of methyl iodide, methylene icdide, iodoform, iodine and
solvent, A study of the literature did not reveal any
column which had been successfully used to separate all
these compounds except in one case (32) where a colwmn
was suggested generally for many iodide compounds. It
was a 9 meter column packed with 30% TCEP (1,2,3, tris-
(cyanoethoxy)-propane) absorbed on some kind of supporter
which was not given, A supporter called chromosorb W,
AW-DMCS, 80/100 mesh was used with the TCEl and the

column was tested with the three iodomethanes. No
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separation was observéd although by changing the chroma-

tograph operating conditions, separation might be

possible, However, this was not carried out because a

new column was found which was generally good for compounds

of large difference in boiling point. Since the three |

expected iodomethanes have large boiling point differences,

they were tfsted on the new column and the separation

was good., The new column packing was 60/80 mesh chromosorb

W, treated with 10% silicone gum rubber, SE30., VWhen iodine

and solvent (such as carbon tetrachloride) was injected

together with the three iodomethanes, the separation was

not as good, but with a longer column {15 ft.x Y8 in. on

stainless steel tube) and a new set of chromatographic

operating conditions, the separation was clean as shown

in Fig.13. Notice that iodoform which was not detected

in the present wqu wa$ tadded' to FPig.l3 in order to

show ~ the comnplete spectrum of the chromatograph. The

final operating conditions are summarized as follows:
Column 10% silicone gum rubber on

chromosorb ¥ (15 ft.x ¥8 in.
0D stainless steel tube)

Carrier gas flowrate Helium at 40 ml/min.
Detector temperature 280°¢
Detector current 150 ma.

) o
Inject port temp. 275°C
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Sample size h-8 a1
o, * o
Colunn temperature 90°C then 200°C
Normal analysis time 6 to 10 minutes per injection

When the solvent involved had characteristics that made

it difficult to separate from the other components at

the usual operating conditions, other operating conditions
had to be employed, such as changing the initial. column

temperature, and manual prograrmming of the temperature.

ITT-4.3.3 Instrument calibration

The thermal conductivity detector response to
each combonent was deterﬁined by calibration (4h,45).
A miiture-of all the components expected in the concen-
tratién regions found‘in the expériments was injected.
The chromatograph peak area of each component was estimated
by multiplying the peak height by the peak width at half
height., Then by assigning a response factor of 1 to the
solvent, the relative response factors of methyl iodide,
methylene iodide and iodine could be calculated. The
nmethod of calibration is detailed in Appendix G. Since

carbon tetrachloride was the most interesting solvent

* For a different solvent, the initial temperature

varied from 70 to 13000. But normally the initial
temperature was 90°C and remained constant until the solvent
completely eluted, at which time the temperature was
increased manually to 2007C.
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in the present work, the relative response of the instru-
ment was calibrated with CClu as solvent. ¥For other

.solvents no calibration was carried out.

ITI-4.3.4 Chemical analysis of iodine

Chemical titration methods of determining the
iodine concentration had been ihvestigated at the early
state of the experiment becanse iodine was not recommended
for gas chromatographic analysis (&é). The reasons for
this are: (1) Todine has a high boiling pointrand
therefore it tends to condense for example in the detector
cell if the detector temmerature is not high enough.

But the higher the detector temperature, the lower will
be the detector current (i.e. lower sensitivity). (2) At
high column temperature, iodine being chemically active
might undergo decomnosition or react with the column
packing. (3) The very corrosive nature of the iodine
suggests that any part of the instrument in contact with
iodine should be at least made of stainless steei or

even better with glass.

Thus the iodine had to be removed from the sarmple
before it was injected into the gas chromatograph, At
the same time the concentration of the unreacted iodine
had to be detcermined in oerder to make the material balance

of the system possihble. Both colorimetry and chemical
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titration were considered but the latter was studied more
carefully and adopted.

The chemical titration method involved the
titration by a standard solution of sodium thiosulphate
(Chap.lS of EZ). llowever, both aqueous and organic phases
existed in a same system and mixing of the two layers
was found to be very important, The so called back
titration method had also been tried. 1In this back
titration method, an excess of sodium thiosulphate was
added to the sample and the excess was then determined
by titrating with notasium dichromate. Although the back
titration method seemed to provide a better result, it
involved too much tedious titration work. Moreover it
was iater discovered that the iodine could be analyzed
by gaé chromatography with the same column packing without

trouble.
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ITT-5 AREAS OF EXPERIMENTATION

The experimentation in this study was originally
designed to evaluate the iodination reaction in a
continuous flow, liquid phase process, as contrasted
with the earlier work on the gas phase iodination in a
batch reactor (Qi)° However, the first few preliminary
runs indicated that the ltiquid phase reaction proceeded
with very low conversions. This was surprising in view
of the very high G values obtained in the gas phase
reaction. The problem then became, "Under what conditions
can this reaction he made to go ?", rather than "What are
the optimal conditions for this process?" In the light
of this new guestion, it 1s preferable to use the semi-
batch technique for the feasibility studies. When a
reasonably high conversion has been achieved in this
semi-batch process, the knowledge gained would then be
applied to the attempted conversion in the continuous
flow process.

Thus the experiments here are in the nature of
exploratory work, with the aim of finding a good solvent

nmedium and a set of operating parameters such as temper-

ature, irradiation time, iodine concentration in solution
and methane flow rate. Sinca most of the experimental

runs yielded more or less similar low conversion results,
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it was decided to study most of the work semi-quantitatively,
so that a large variety of experimental runs could be made.
The semi-quantitative study here meant to determine whether
any iodomethanes were produced and their relative concen-
trations were approximately expressed as the percentage of
total gas chromatograph peak area. rThe semi~quantitative
data were good enough to provide a basis of choice of

solvent and operating conditions. Nevertheless, quantita-
tive studies, i.e. the conversion, the yield, G value,
material balance of the system were made on a few experi-

mental runs where carhbon tatrachloride was used as solvent.,

IrY1-5.1 Factors Governing The Choice of A Solvent

The fact. that gaseous methane was going to react
with jiodine dissolved in a solvent medium and that the
reaction is endothermic suggested that a good solvent
should have a high boiling poiht and high solubilities
for both methane and iodine. A high boiling point is
desirable to permit higher operating temperature,
Vilenchich and Hodgins (gi) used temperature above 80°c
(see Section II—3.3). Tfurthermore the sol§ent should be
able to transfer energy quickly from solvent to the solute.
These three factors form three main areas of experimen-
tation as will be discussed in the following sections.

The other three areas of experimentation are focussing



on some possible factors that could favourably affect

the reaction,

-IT1I-5.2 Solubilities of Reactants In Solvent

This kind of problem always arises when a two-
phase reaction is concerned and the problem is so large
that it constifutes a separate subjectwin the field of
Chemical ¥ngineering -—— mass transfer with chemical
reactions,

In some reacting systems, where two-phascs are
involved, both kinetics and diffusion control: may be
important denending upon the operating conditions e.g.
temperature. Fof simnle reactions, there are methods
available for determining the relative importance of
these two possible controls under a given set of
operating conditions (see e.g.(64)). However, these

methods required the knowledges of the kinetic rate
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expression and the rate of diffusion of the system, which

are not available for the present reaction. Thus there
is no octher simple way to test whether the present

reaction is chemically controlled by the kinetics

(activation energy etc.) or physically by the diffusion

process,

The methods of experimentation carried out in

this work were to try some solvents which have high
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solubilities for methane and/or iodine and also to study
briefly the agitation effect and the effect of the
interfacial area between the methane hubbles and the
solvent medium., The solubility data for iodine and
methane in various solvents are avéilable in the
literature (48) and some data related to this work are
given in Appendix F.

For a given solvent, the increase of agitation
or the interfacial area would .increase the rate of
absorption of methane in the solvent. In the exneriment,
attempts were made to increase the agitation in the
reactor by changing the methane flowrate and to increase
the interfacial area by breaking up the methane bhubbles

into numerous tiny bubbles with a piece of sintered glass.

I11I-5.3 Boiling Temperature of Solvent

The endothermic nature of this reaction suggested
that operating temperatures higher than room temperature
were necessary to bring ahout the reaction. Since many
organic solvents boil at rather low temperatures, this
somewvhat restricts the use of higher opera%ing tempera-
tures unless the system is under pressure, The bhoiling

points of various solvents used in this work are given

in Appendix F,

Experimentally, solvents with high boiling points
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were studied., In order to prevent the loss of solution
from the reactor due to vaperization at higher t empera-~
tures, an attempt had been made to presaturate the methane
with the iodine solution at the reactor temperature before
it entered the reactor. Strictly speaking, this process
then became a continuous flow process rather than a
semi-batch process because iodine sélution was fed in
with the methane continuously. Although the reflux
reactor would maintain the solution level fairly well,

the highest operating temperature was limited to boiling
point of the solution. It has to be emphasized, however,
that generally the higher the operating temperature, the

lower will be the solubility of methane in the solvent,

ITI-5.4 Energy Transfer And Indirect aAction

In mixture where one component is present in
large excess, direct radiation action on the minor
constituent is unimportant (Chap.lV of 2). 1Instead, the
reaction of the minor constituent resulits from the
attacking by active species (radicals, ion, etc.) formed
in the first instance from the major constituent or the
energy is transferred to it from the major constituent.
For example, in the presence cf an excess of inert gas
such as argon,methane becomes:attacked by ions formed
from argon (l&)ﬂas:

Ats ¢, —-> A + CH te He (56)
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This phenomenon which is known as 'indirect action' (Chap.
I of 2) is quite common when solvent medium is involved
in a reaction, The transfer of energy via excited
molecules has been presented in Section ITI-1.5.73.

In the present case, the iodine concentrations
in the solution were quite low, typically about 2 gm. in
100 ml. or 0.079 mole/l. Thus a relatively large amount
of radiation energy would be absorbed by the abundant
solvent meolecules than by the iodine molecules, llence
the iodine was more likely to be affected indirectly bhy
the attack of the radicals from the solvent than directly
by radiation. In order to accomplish this the solvent
should be able to transfer ernergy promptly. Furthermore
it should be sfgﬁle in a sense that no net formation of
products would take place on the solvent as the result
of irradiation, otherwise the solvent would become one
of the reactants and by-products would be produced that
might require expensive separation processes in the

industry.

Two solvents are of special interest here -—-

carbon tetrachloride and ethyl iodide. These compounds
can undergo exchange reaction (Chap.IV of 2) according
to the sequence:

Carbon tetrachloride

CCL;, wa—> CCl,"+ C1: {(57)
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0013-+ Cl, —> CCl,+ C1- (58)
2Cl* ——> Clg+ energy (59)
Ethyl iodide
CoHeI W—> CoHg "+ I (60)
CZH5‘+ 12 —_— 02H5I + I- (61)
2I+ —> I,+ energy (62)

An isotopic technique has demonstrated (2) that the
vield of CClB- radicals is less than G=3.5 and the G
value for the exchange reaction of ethyl iodide is
between 4 to 6. 7Thus both solvents are fairly stable
and according to the sequence tq.(57) to Eq.(62), there
is very little or no net formation of products from them,
The indirect action of the radicals and/or the excited
molecules on the iodine molecules can thus follow as
shown in Eq.(56) and described in Section II-1.5.3.
Although the reaction sequence, ¥q.(57) to Eq.{62)
would not result in new products, it has to be realized
that each of these exchange reactions takes place at a
pure stzate and therefore in the presence of other

components {e.g. I, and CH, in the present wrk)}, the
L

2

sequence will not necessary be followed,

ITI-5.5 Recombination of JTodine Radicals
As discﬁssed in Section 1I¥-3.3, the gas phase

iodination of methane is more likely to follow reaction
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sequence shown in Bq.(49) to Zq.(51) than =q.(45) and
Eq.(h6). Thus in order that the former sequence may
proceed as long as the reactants are available, the iodine
- radicals once formed, either via Eq.(49) or £q.(51), should
be prevented from recombination. The recombination of
iodine atoms is very likely especially when the iodine
radicals are present in a lLarge concentration. In a gas
phase iodination, the system is much more dilute than in

a liquid phase system where the movement of the large
iodine atoms will be restricted to some extent. Thus

the recombination of iodine atoms is more likely in the
liquid phase. Ilence unless the iodine radicals formed

are energetic e.g. by deconposition of very excited iodine
molecules, iq.(10), there is a possibility in condensed
phase that the fadicals may recomhine within the solvent
cage (see Secticns IT-1.5.3 and ITI-5.7). Experimentally,
this recombination wés minimizéd-by reducing the usual
iodine concentration in the solution to about 0.008 mole

per litre.

III-5.6 Impurity In System

Many workers (12,22,28,41), have reported that
small quantities of impurities in the system, can have
dramatic effects, In fact, much early work had been

discredited on this account. One important impurity is
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oxygen which affects nearly every radiation-induced
reaction, One commoan remedy for this is to de-aerate
the liquid sample by successively freezing , evacuafing
and sealing. Liquid impurities present in the solution
can be removed by distillation or extraction,

With large doses, small quantities of impurity
can be used up at the beginning of the reaction, which
then proceeds normally, Tor example, aé reported by
Harmer (41) an induction period lasting three hours or
more was obhserved when the solvent, ethyl bromide used
was not produced by the radiation process, because even
in high-grade commercial ethyl bromide¢ made by the
alcohol process, there are minor amounts of unreacted
ethyl alcohol and other by-products of the reaction.

In the present work, all the glassware was
cleaned by conventional methods as described in Section
IIT-4.1 and all éhemicals used were of thé hishest grade
(see Section ITI-2) available in the market. It was
the solvent, being present in greatest amount, which
needed most care. Since the chemicals were not further
purified, irradiation tirme of a few experimental runs
had heen extended to take into account of the possibility
of induction period. Also in one case the iodine solution
was exposed to the radiation for about two hours before

the methane was fed in, hoping that the impurities, if
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any, would be used up. The oxygen, initially present in
the system, was removed in this work by bubbling methane
through the solution for 5 to 15 minutes before the

irradiation of the solution was begun,

ITI-5.7 Effect of Neaction Phase

One distinct difference between the work of
Vilenchich énd Hodgins (31) and the present work is the
reaction phase, Therefore the two processes could be
expected to have some differences either in the kinetics
or mechanism although this kind of extension from gas
phase to liguid nhase had been demonstrated successfully
in other systems. TFor instance, the gas phase addition
reaction between lIBr and CZHM carried out by Armstrong
et al, (32) had resulted to'the liquid phase Dow's ethyl
bromide process (41).

The effects of phase on radiation-induced reactions
have been reviewed by Jones et al. (22) and many related
references are given in the paper. One of the obvious
effects on the lignid phase reactions as discussed in
Sections IT-1.5.3 and IITI-5.5 is the so called ‘caging!
effect, In the gas phase the mean free path and average
time between collisions are relatively large and there
are no caging effects, Therefore two radicéls formed by

the dissociation of a molecule have a small chance of



recombining.In liquid phase the cage effect céuld be very
serious if the dissociation of molecules is not energetic
and involves large molecules., TFor instance, it has been
found by the flash photolysis technique (50) that only
about 13% of the iodine atoms escape recombination with
the parent partner when iodine solutions in carbon
tetrachloride are activated by wvisible light, It has
also been shown that the caging effect decreases with
increasing temperature,

Another effect yhich becomes very important if
the reaction proceeds by an ion-molecular reaction
(Section\II~l.5.2) is the recombination of ejected
electrons to the parent ions in a condensed phase. This
kind of neutralization seldom happens imn the gas phase.
Consequently, ion-molecular reactions that occur in the
gas phase may be impossible or of little importance in
liquid phase.

In the present work, solvent was present in
large quantity surrounding the iodine atems and molecules,
Therefore it can be seen that cage effeet 1is unavoidable
in the present case. One of the attempts, as described
in Section III-5.5, was to minimize the recombination of
iodine radicals by reducing the iodine concentration,

A second attempt to lower the cage effect was to increase

the operating temperature. The last attermpt, which was
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carried out after the installation of the new cobalt-60
source, was to minimize the effect by increasing the
intensity (or dose rate) hbping that more free radicals
and other active species would be formed., VWith the
interaction of these active species it would therefore
increase the possibhility of forming for example hot
radicals which could bhe energetic enough to escape the
‘solvent cages.,

The main effects of reaction phase here were the
solvent cage effect and the recombination of ejected
electrons to the parent ions. In addition to these, the
coexisting of gas and liquid phases in the system presented
another problem, This subject has been covered in Section
III-5.2, but besides those attempts discussed in that
section, it héd also_been suggested to replace the methane
with methanol and other liquid paraffines such as n-hexane
in order to obtain a homogenenus reaction phase, Although
the reactions involved would then no longer be iodination
reaction of methane, yet some similarities- did exist
between the iodination of methane and the iodination of
n-hexane or methansl. Thus the experiments might provide

some guides to this exploration.



IV RESULTS AND DISCUSSION-

The results of each area of experimentation
discussed in Section III-5 will be presented in this
section together with some discussion. Since the
experiments were in the nature of an exploratory work,

a large variety of experiments was performed. Thus

the results and discussion will be presented in
subdivisions according to the areas of experimentation
given in Section 1III-5. In addition, the resnults for
the continuous flow process and the quantitative results

with CClk as solvent are given,

IV-1 = QUANTITATIVE RESULTS WITH'CClh AS SOLVENT

As discussed before (III-5), most of the work
ﬁere was studied semi;quantitativély and quantitative
study was nnly made on a few runs where CClh was used as
solvent, The resnlts are shown in Table 5. The conver-
sion of jiodine and the yields of methyl iodide and
methylene iodide were generally low., No iodoform was
detected in this work. Notice that the G values fell
somewhat between the G values for simple chemical

reactions (G <10) and chain reactions (G >3,000).

97



98
TABLE 5
QUANTITATIVE RESULTS WITH CClh AS SOLVENT

Irradiation time:; 2 hours -
Methane: 20 ml/min. or 8.9x10 mole/min,

Run Type of Conc. Temp. % I Yield 9% G o9 peak area

5]

No. reactor mole/1l C conv, CHBI CH212 CHBI CHZI2 CHBI CH212

33 overflow 0.08 49 5.2 9.0 2.8 500 154 0,08 0.05

43 reflux 0.08 60 3.3 2.8 3.1 k7 164 0.01 0,03

44  reflux satted 77.5 2.0 0 2,7 (6] 173 0 0,04
TABLE 6

RESULTS OFF THE CONTINUOUS FLOW PROCESS

*
Methane: 20 ml/min. 7 Mole ratio: CHy : I,= 22.5 :1
I, solution: 0.5 ml/min, I, conc.: 0.08 mole/1
Run  Solvent Temp. Product (% peak area)
o . ;
No. Cc CHBI CHZIZ
1 . CH3I 25 - (0]
- (0]
- 0
- O
- 0
23 cc14 €0.5 0 0
0.01 0
0.02 9]
0,02 0]
0.0!‘ 0
0.05 0
21 Benzene 57.5 0,06 0

* Represénting the total methane passed through
the system, not the amount dissolved.
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Therefore the present reaction in liquid phase was neither
a chain reaction as reported for gas phase by Vilenchich
and Hodgins (31) nor a reaction due to simple dissociation
of methane i.e. a fédiolysis reaction of methane with

iodine as radical scavenger.

Iv-2 CONTINUOUS FLOW PROCESS

Two experimental runs (Runs 1 and 23) were carried
out in a flow process and the results are shown in Tabhle 6.
Run 21 was grouped under here because iodine solution was
fed into the overflow semi-batch reactor continuously by
way of saturating the methane with the solution (see
Section III-5.3).

For Runs 1 and 23, a sample was taken from the
separator every half hour and each experimental run lasted
3 hours. The %'s peak area for product C“BI' in Run 1
were not certain hecause the product itself was the solvent
so that a little formation (if any) of CH,T would hardly
change the large peak area of the solvent, However, two
things were clear here: (1) The peak areas of the unreacted
iodine in the product stream were not smaller than that
of the feed stream. This suggested that either no signi-
ficant amount of CHBI was formed or part of the CHBI

solvent had heen decomposed. (2) No CH212 was detected.

When CClh was used in Run 23 at a higher
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temperature, a little CHBI' but no CH212 was observed,
For Run 21, the experiment lasted two hours (as conpared
to half hour per sample in Runs 1 and 23) and a sample
at the separator was analvyzed. More CHBI was obtained

but this may be arisen from longer reaction time as will

be discussed later.

Iv-3 SOLUBILITIES OW REACTANTS IN SOLVENT

Table 7 presents the results of various runs using
different solvents. Trom Runs 13 to 28 the overflow semi-
batch reactor was used and below Run 3%, the reflux semi-
batch reactor was used. There was a slight (but no strong)
evidenice that the solubilities would inerease the conver-
sion of iodine but these experiments did show clearly that
different solvents would produce different results and
CClu seemed to be the hest solvent among all the solvents
used, Another obvious difference was that none of the
solvents vielded CH212 except CClu. However, if the
irradiation time was increased, CH212 would show up as
will be discussed in Section IV-7. A large % peak area
for CHBI was normally observed for the samnle taken from
the cold trép, but this sample was very small —— one drop
to less than 0.5 ml., so that its contribution to the

final yield of CH,I was noct very significant.

3

An attempt to increase the rate of absorbing of

CHu through some physical means was made. The results

McMASTER UNIVERSITY LIBRARY.
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TABLE 7

EFFECT OF SOLUBILITIES O% REACTANTS IN SOLVENT

not be achieved
See Section IV-5
For chlorownenzene

I, concentration : 0.08 mole/l
Irradiation time 2 hours
Me thane : 20 ml/min,
o Product
Run Solvent szp. Solub, 25°C {‘5 peak area) Place of
No. Cc CH I, sampling
cc/%c g%l CH3I CHEIZ :
13 cey, 60 0.68 29 0.08 0.05 reactor
0.10 0.04 separator
7.7 0 trap
16 CH, 1, 60 - very ~0 ~ 100 reactor
52.4 61.7 trap
17 Toluene 72.5 0.45 3.6 0.07 0 reactor
0.04 0 separator
1.55 0 trap
20 Benzene 57 0.57 119 0.08 0 reactor
' 0.04 0] separator
0.03 0 trap
28 ClCH=CC1, 55 - 39.6 {D.07 6] reactor
0.09 0 separator
35 CC12=0012 71.5 30.6 10.02 0 reactor
37a Methanol ho 0.45 21.93 + 0 reactor
ol =
39 ” 90 o.48" - 0 0 reactor
aJ:lC'
hz n-Vexane 66.5 0.60 8.8 0.0h 0 reactor
4) 0) trap
L3 CClh 60 0.68 29 0.01 0.03 reactor
‘h5 CzﬂsI 69 - - * 0 reactor
+ The sepération hetween CI[,T and CHBOH could

3
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are presented in Table 8 for the effect of agitation and
Table 9 for the effect of interfacial area between the
methane bubbles and the surrounding solvent. By
decreasing the flowrate of methane but keeping the total ;
amount of methane flowing through the system constant,

Tabhle 8 shows that the production of CH,I was decreased

3

but CH212 was increased. This»change of product distri-
bution, however, was more likely due to the change in
the irradiation time as will be discussed in Section IV-7.
Therefore, it was acceptable to say that in such a small
reactor {28 ml.) a normal methane flow rate of 20 ml/min.
provided enough mixing.

In Table 9, again the results could be caused by
the irradiation time, but obviously the conversion of
‘Run 32 was higher than that of Run 10, It was rather
weak to say that as the interfacial area was increased
the conversion was increased. llowever, by combining the
results of Tahles 8 and 9 (also sec Table 15) it wés
clear that for a given solvent, CClu if the absorption of
CHh was increased by way of increasing the agitation,
interfacial area or bubbling time, the con?ersion seemed
to be increased slightly. This is quite reasonable if one
considers the rate of diffusion of methane in CClu. The
diffusion coefticients for CH, in the solution (assuming

pure CClu) were estimated (see Eg.16.5-% of 51), using



TABLE 8

EFFECT OF AGITATION

Salvent CClh
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Temperature : 40°C

I2 concentration : 0.08 monle/1 Reactor overflow
Run Irrad. Flow rate Product (% peak area) Place of
No. Time (hr) ml/min. CH4 T CH, I, sampling
26 2 20 0.07 0.01 reactor

0.04 0 separator
0.04 0 trap
27 L 10 0.02 0.0 reactor
0,01 0 separator
0.05 0 trap
TABLE 9

EFFECT OF INTERFACIAL AREA

Solvent : CClu

I, concentration : 0.08 mole/1
- Methane : 20 ml/min,
Reactor : overflow
Run Irrad. T%mp. Opening
No., time (hr) C for gas CH
32 7 30 sintered 0.04
glass
10 3 33.7 2 mm ID 0,02

Product (% peak areas)

CH212

6.05




10h

-

Eq.(63) to be 1.15x10—5 and 2,02x107° cma/sec. at 25°%

1
2
-8 (B Mp)°T
= 7.1 -
09A13= 7.% x 10 < 0.6 (63)
7 v
A
where V = molar volume of solute A in cmB/g—mole

as liquid at its normal boiling point.
7~= viscosity of solution in centipoises
¢ﬂ= association parameter for solvent li=l
T

= absolute temperature in OK

and 60°c respectively., The wvalues are roughly in the same

5

— M
order as tlhiose for oxygen-water system (2.,5x10 cm“/sec),

5

carbon dioxide-water system (1.96x10° cmz/sec) and

5

‘chlorine-water system (1.4hx10" cmg/sec). Thus the rate
of absorption of methane by CClu is not very fast so
that any physical means to increase the rate of absorption
would at least maintain if not increase the overall
reaction rate,

The conversion however, as shown in Tables 8 and
9, was not improved nmarkedly. Therefore, within the
experimental range, diffusion might not be the most
important factor that controlled the overall reaction
fate although it could play a very dimportant role in
controlling the reaction rate. It was bhelieved that both -

diffusion (physical) and thermodynamic equilibrium

(chemical) were controlling the reaction and the latter
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factor was more important than the former one especially

if the solvent with high CHM solubility was chosen,

v-4 BOILING TEMPERATURE OI' SOLVENT

The purpose of using a high boiling temperature
solvent is to permit higher operating temperature.
Tables 10, 11 and 12 show the effect of temperature on
the reaction with respectively carbon tetrachloride,
toluene and tetrachloroethylene as solvent, Generally,
for a given solvent the product coﬁcentrations were
increased s the temperature was raised, but for solvent,
1,2,4-trichlorobenzene at 9OOC (Run 39 in Table 7)
which was the highest operating temperature studied in
.this work, no CH3I or CH212 was detected. Thus tempera-
ture might be the most important factor, but other factor,

such as solwvent, could not be ignorcd. Besides as shown

in Table 12, a relatively good yield of CHBI was obtained

at very low temperature 6°C (but longer time). Note
that tetrachlorocethvlene had also been used as solvent
in the Dow Chemical's ethyl hromide procesé and was
found to have a hetter vield at lower temperature, 4%

than room temperature (1).

In the gas phase iodinationwrk (31), the lowest

o v .
operating temperature was 80 C at which the yields were
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TABLE 10
EFFECT OF TEMPERATURE

Solvent CClh Reactor : overflow
Methane : 20 mli/min. Time : 2 hours

Concentration : 0.08 mole/1.

32? ngp. Prodg;tl(% pg;kIarea)
3 272

9 33.7 0.01 0

26 4o 0,07 0.01

11 hi o 0,06 0.05

33 49 0.08 0.05

13 60 0.08 0.05

TABLE 11

EFFECT OF TEMPERATURE

Solvent : Toluene Reactor : overflow
Methane : 20 ml/min. Time : 2 hours

Concentration : 0.08 mole/1.

Run Tgmp. Product (% péak area) Place of

No. C CHBI Ch2I2 sampling
14 60 0.01 0 reactor
- 0 trap
17 72.5 0.07 0 reactor
0.04 0 separator
1,55 0 trap
18 80 0.08 0 ‘reactor
0,07 0 separator
1.0 O trap
*
19 81.5 0.09 0 reactor
: 0.1 O separator
0.75 0 trap

* opreirradiated for 100 wins, ses Section IV-7.
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TABLE 12
EFFECT OF TEMPERATURE

Solvent 012C = 0012 Reactor : reflux

Methane : 20 ml/min. Time : 2 hours

Concentration : 0,08 mole/1.

ﬁz? ngp. ?izi) Prodg;tl(% pg;kIarea)
3 272

36 6 3% 0.07 0

34 53.5 3 0.04 0

35 71.5 2 0,02 0

Low and the optimal temperature was at 13000. Although
the effect of temperature as shown in Table 10 and 11

as well as the results of Run 39 (see above) and Run 36
" of Table 12 were not very impressive, it was suspected
that all the experiments were performed at temperatures
well below the region where the tenmperature effect could
have clearly shown up. Thus, it was felt thaf the
temperature was still the key factor that controlled the
reaction _especially if one considered tlie endothermic

nature of the reaction,
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IV-5 ENERGY TRANSFE

Two solvents - carbon tetrachloride and ethyl
iodide were used and the results are compared with that
of n-hexane in Tabhle 13. The advantage of using the high
energy transfer agent as snlvent did not really appear in

these results. TFor example, the conversion of iodine

TABLE 13
EXPERIMENTAL RUNS WITH CClh AND'C2H5I AS SOLVENT
I, conc. : 0.08 mole/1.  Reactor : reflux
Methane : 20 ml/min. Time : 2 hours
Run Solvent Temp. Product (% peak area)
No. C CHBI CH212
h2 n-Hexane 66.5 0.04 0
43 ccl, 60 0.01 0.03
*
hs 02H51 69 0

¥ See discussion

for Run 43 was slightly higher than that of Run L42, but
this did not prove that the slightly higher conversion
was due to the energy transfer hecause it was simply not
enough evidence to confirm this. DBDesides the study of
energy transfer could be very sophisticated. The
relative high yield of CH3I for Run 42 could be slightly

contributed from the radiolysis of hexane, because in
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the radiolysis of n-hexane with iodine as radical
scavenger,a small but significant amount of CHBI was
detected (54) (also see Table 16).

The solvent, CZHSI for Run L5 contained some
CHBI as impurity. The analysis of the iodine feed soiution
consisted of 2.58% of G-C peak area for CHBI' but the
analysis of the product from reactof {(with the same
components) gave only 0,22% of peak area for CH,I.

3

-I had been decomposed. In fact,

3

various low boiling, vet unidentified compounds were

Obviously most of the CH

collected in the cold trap. Thus the methyl iodide was
not stable at 69°C (boiling temperature) in a reflux
reactor under the influence of gamma radiation. It should
be noted that the reflux reactor was found to give a
lower 'yield in CHBI than the overflow.reactor, e.g. hy
comparing Run 13 and Run 43 in Table 7. Petry (25) had
found that the decomposition of CHBI was proportional to
the total irradiation dose given to the sample, huf
Vilenchich (31) reported that the decomposition was
negligible at room temperature (see Section II-2.3).
Thus the matter of stability of CHBI further complicated
thie problem because it was then rather difficult to tell

whether the system did (but decomposed immediately) or

did not yield methyl iodide.
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Iv-6 RECOMBINATION OF TIODINE RADICALS

As suggested (Section III-5.5) one method of
reducing the recombination of iodine radicals was to
lower the iodine concentration. Table 4% shows the
effects of iodine concentration and radiation intensity.
Since the initial iodine concentration for Run 38 was 10
times lower than that of Run 43, the conversion of iodine
for Run 38 might be (no quantitative study for Run 38)
larger than that of un 43 even though the concentrations
of CHBI and CH212 in the product stream were equal or
larger in Run 43. This uncertainty in the conversion was
not further elucidated mainly because of the fact that
such a low iodine concentration would not be commercially
attractive unless the conversion was very high. The
reasons for this are that a larger reactor would be
required to produced a reasonable amount of iodomethanes
in a reasonable time and a huge quantity of solvent would
have to be separated from the products and recycled.

One thing that was clear in Table 14 was the
effect of iodine concentration on the product distribution.
At higher iodine concentration, more CﬂzIszas detected.

This obhservation was in accord with that of the

chlorination of methane (22) (see Fig.10).
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TABLE 14

EFFECTS OF IODINE CONCENTRATION
AND RADIATION INTENSITY

Solvent : CClh Reactor :; reflux
Methane : 20 ml/min, Time : 2 hours
Run Cobalt Conc. Temp. Product (% peak area)
No., Source mole/1 °c CH31 CH212
¥*
38 old 0.003 4.5 0,01 4]
43 old 0.08 60 0.01 0.03
*
Ly old sat'ed 77.5 =0 0.04
*
L6 new 0,008 75 0.01 0
L *
h7 new sat'ed 76.5 £0) 0,02
*

~ Boiling temperature
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Iv-7 IMPURITY IN SYSTEM

The possibility of having an induction period
owing to the impurity in thersystem was studied by
increasing the reaction time or preirradiating the system
(see Section III~5.6). The effect of reaction time is
given in Table 15 for two solvents. The increase of time
seemed to increase the production but there was no indica-
tion of induction period at all, Also as the reaction
time was extended, more CIIZI2 was formed, revealing the
consecutive nature of forming the iodomethanes in the
iodination of methuane (see Eq.(52) to Xq.(54). The
pre-irradiation of the system, as shown by comparing
Run 18 with Runrl9 in Table 11, did not really improve
the production significantly so that all the other

experiments were not pre-irradiated.

IV~-8 EFFECT OF RSACTION PHASE

The caging effect of the solvent was the mnst
important factor for the effect of reaction phase. The
various attempts to minimize the caging effect as
discussed in Section III-5.7 were (1) to lower the iodine
concentration (2) to increase the temperature and (3) to
increase the radiation intensity. "The corresponding results
are shown in Table 14 for the iodine concentration, Tables

10-12 for temperature and Table 14 for the radiation



TABLE 15

EFFECT OF REACTION TIME
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Methane : 20 ml/wmin. Reactor : overflow

Concentration : 0.08 mole/l.

Run Solvent Temp. Time Product (% peak area)
o ;

No. (¥ (hr.) CHBI CH, I,
9 ccLy 33.7 2 0.01 0
10 CCIu 33.7 3 0.02 0

*
32 CClh 30 7 0.04 0,05
29 ClCH:CCl2 38 2 0.07 0
30 cicu=CcCl, 38 b4 0,08 0
31 ClCH=CCl, 30 11 0.11 0.1h4
* Sintered glass was used, see Table 8.

TABLE 16

IODINATION OF METHANOIL AND n-HEXANE

Methane : O ml/min. Time : 2 hours
Conc.: 0,08 mole/l. Reactor : reflux
Run Solvent Temp. Product (% peak area)

o
No. C CHBI CﬂzI
*
37 CH ;0H - ho o 0
41 n-hexane 68.5% ~0 s}

¥ CH,,I could not bhe séparated From CHJOH, but
jremained constant.

+ Boiling temperature

I coric.
2
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intensity. These resnlts have been discussed in the
previous sections and generally these three methods of
minimizing the caging effect were not very sound,
Therefore no statement could be made regarding the

caging effect. Dut if one considers the results reported
by Jones (50) (see Section IITI-5.7) there is no doubt
“that caéing effect could exists to some extent in the
present system,

By replacing the methane with methanol or n-hexane
and as shown in Table 16, very little to no CHBI or CH2I2
was detected except for Run 41, where a very small trace
of CH3I was observed, This small trace was obviously
~due to the result of radiolysis of n-hexane (é&). By
comparing Run 41 in Table 16 with Run 42 in Table 13,
it was obvious that practically no CH3I was observed

unless methane was passing through the system,
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SUMMARY OFF THE RESULTS

Although the results did not reveal strong

~evidence from which one could draw conclusions, yet

the experiments did provide some fairly useful observa-

tions. ™They are summarized as follows:

(1)

(2)

(3)

(&)

(5)

(6)

(7)

The liquid-phase iodination of methane was neither
a chain reaction nor an iodine radical scavenging
reaction.

Different solvent media gave different conversions
of iodine; varving from zero to less than 6%, and
CCl24 is considered td be the best soléent.

At an irradiation time not more than two hours, only
the reaction_using CClh as solvent could yield
CH212 in addition to CHBI.

Tor a given solvent, an increase of temperature
would increase the conversion slightly.

The formation of CH212 would be increased if

(a) the iodine concentration was increased.
(b) the temperature was raised,and

(c) the reaction time was extended.
The reflux semi-batch procéss gave lower yield of

CH,TI than the overflow semi-batch process.

3

CH,,I was not very stable at high temperature in a

3

reflux reactor under the inrluence of gamma

radiation,
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It has to be emphasized here that in the gas-phase
iodination work (Ql) some exnperimental phenomena havé not
yet been explained successfully. For example, as reported
.(gl)Eq.(55) could be catalysed by the ferric iodide which
was formed on the inner wall of the corroded metal reactor
over a long period of use and also there was a strange
observation of sudden increase of pressure in the system
(see Section II-3.3). These experimental phenomena could
easily lead one to suspect that the high formation of
iodomethanes reported could also be catalysed by the
corroded reactor or other mechanisms could have occured
instead of the one proposed (Eq.(49) to Lq.(55)). Ton-
“molecular reaction can proceed extrernely fast (Section
II-1.5.2). And if this ion-molecular reaction happened
to be the main mecﬁanism in the gés-phase (see 1:q.(27))
then as discussed in Section ITI-5.7, the ion-molecular
'reaction would be impossihle or of little importance in

the liquid phase.



V CONCLUSION

At this stage, no strong conclusion can be drawn
upon the nature of the liquid-phase iodination of methane
because most of the results are not very much different
from one another as discussed in Section IV. However,
the experiments do show that, = the chances of
commercial success for the liquid-phase reaction are
very slight, 1In addition, it is felt that‘the gas-phase
iodination could be catalysed somehow by the metal
reactor or could follow sonme mechanism which would not
proceed under the present experimental range.r Since
such a large variety of experimentatién has been studied,
Qith the unfavourable results, the project should be
terminated as far as the liquid-phase reaction is

concerned,



VI RECOMMENDATION

The two extreme results of gas-phase and
liquid-phase iodination reaction require further work
to elucidate the subject. A more detailed study of the
gas-phase reaction is recommendated.

In regarding the study of the practicability of
producing iocdomethanes, a continuous flow, gas-phase
process such as those given in Appendix D might be

worth considering.
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APPENDTX A

FRICKE DOSIMETRY

This is one of the most convenient methods of
dosimetry., It satisfies most of the criteria 1listed
below for a good dosimetric system. These are:

(1) The energy yield (G value) should be independent of
dose rate, of total dose and of radiation type or
the linear energy transfer,(LET), over a wide range.
Fricke dosimetry 1is found to be independent of
energy in the range 0.1 to 2 MeV,.

(2) The response of the system should be reproducible
and temperathre independent, No change will occur
between O - 50°C in using Fricke dosimetry.

(3) The mean atomic number should be close to that of the
system of interest,

(h) The dosimeter should be easy to prepare and analysis
should be easy.

The theoretical aspecté and the reaction mechanism
of this system are discussed in Chap. III ;f (2). Briefly
the reaction involved is the oxidation of an acid solution
of ferrous sulphate to the ferric salt in the presence of
oxygen and ionizing radiation. This standard method of

dosimetry is available for example in the ASTM Standards (55)
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as method D 1671-63 which was adopted in this work.

As in most of the work in radiation chemistry, the
method is extremely sensitive to impurities so that any
impurity must be rigorously excluded. 4All containers or
apparatus in contact with the solution were cleaned with
chromic-sulphuric acid cleaning solution and then rinsed
with distilled water. All reagents were at least of
reagent grade (see Section III-2) and the distilled water
had been redistilled from chromic acid and also alkaline
permanganate solution to remove any trace of organic

impurities.

Calibration Curve

An approximately 0.1 M ferric sulphate solution
in O.4 M sulphuric acid was prenared and the exact ferric
concentration was determined by standard potassium
permanganate solution as outlined in Chap. 1% of (47).
The ferric solution was then diluted into seven portions
with 0.4 M sulphuric acid and the absorbances of each of
the seven portions were read from a Beckman Model Dk-1 UV
Spectrophotometer at 305 my, using O.4 sulphuric acid
solution as the blank in the spectrophotemeter, Using
Equation (A~-1), which had been derived in the original
paper (55) with a G value for the production of ferric
ions equal- to 15.5, the ferrié concentrations could be

Rads = micromoles of Té"per liter x 60.9 (A-1)
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‘converted to the radiation unit rads,., Thus a calibration
curve of radiation dose (in rads) against the correspond-
ing absorbances could be plotted as shown in Fig.a-1.
This is a straight line passing through the origin with

a slope of 2.631x10h rads/0.D. Mathematically Fig.A-1

could be expressed as:
1ot
Rad = 2.63. x 10 x 0.D. (A=2)

where 0.D. was the optical density (absorbance) measured
b

at 30°C instrument temperature. A slope of 2.94x10

measured at 20°C was reported by Swallow {Chap.II of 2).

Dosimetry Procedure

The dosimetry container, as suggested, should be
of approximately the same dimensions and geometry as
thoﬁe employed to hold specimens for irradiation and no
container should be less than 8 mm in internal diameter,
Therefore the best container for dosimetry in the present

work was the reactor itftself,

A dosimetric solution of 0.001 M ferrous ammonium
sulphate, 0,001 M in sodium chloride and 0.4 M in sulphuric
acid was prepared from a stock solution of 0.5 M Fe™ and
0.5 M NaCl. The 0.4 M sulphuric acid was saturated with
oxygen during the same day hefore it was used to dilute
the stock solution to giwve thé dosimetric solution, A

specimen of dosimetric solution (about same volume as the
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reaction volume) was placed in the reactor and irradiated
for é measured length of time (3 to 5 minutes). The
recommended dose range is 0.2 x th to 4 x 10“ rads. The
.absorbance of the irradiated solution was read from the
spectrophotometer using the unirradiated solution as a
blank. ¥From the absorbance the absorbed dose was calcula-
ted from ¥#q.(A-2) or read from Fig;A—l. Since the measure-
ments of absorbance were carried out at nearly constant
tenperature and were similar to the temperatures at which
the calibration curve, Fig.A-1 was prepared, no temperature
correction on the absorbance or the dose rate was necessary.
However, if the temperatures are different in a temperature
range of 207 to BOOC, a correction temperature coeflficient
of +0.7 % per dégree'c has to be used. For example, in
Swallow's formulé Eq.(A-B). a temperature correction term

has been included in the equation.
i
rad=2.94 x 10 (1-0.007t) x OD (A-3)
where t = measured temperature minus 20°%

Dosimetry Result

The measured dose rates for the cobalt 60 source

used in this work are summarized in Tahle A-=1l.
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TABLYE, A-1

RESULTS OF FRICKX DOSIMETRY MEASUREMENT

Date Irradiation Absorbance Dose _) Average
time rad x 10 dose rate
(mins.) rad/sec.
8/13/70 15 2 - -
8/13/70 5 1.480-1.490 3.87-3.90 129
8/13/70 5 1.h65-1.h485 3.85-3.90 129
8/14 /70 5 1.486-1.490 3.90 130
8/1h /70 5 1.480-1.490  3.85-3.90 129
8/1h /70 3 0.99 -1.00 2.60-2,63 139.5
8/14 /70 3% 1.006-1.007 2.65 147

*¥ No water in water jacket.

The discrepancy between the 5 minutes and the 3
minutés samples were mainly due to the inaccuracy in
timing. As mention hefore, the time required to position
‘the soiirce and to remove the source varied from 1,5 to 2
minutes which were rather large coupared with the total
irradiation time of only 3 to 5 miuntes. Obviously, the
error introdiced in the 3 minutes samples would be larger
than the 5 minutes samnles, A correction factor for this
pre-irradiation of the sample should be made, for example,
by measuring the dose absorbed in the periéd of transport-
ing the source. HOWever; this was not carried out and
instead a theoretical approach to correct the final dose
rate was attempted as follows:

Assume that the same amount of extra dose have
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been absorbed by the 3 and 5 minute samples during

the transportation of the source, i.e.,

TD3 = D3 + E (A-4)
™ _ =D_ + E -
5 5 (a-5)
where TD3 and TD5 are total absorbed doses in 3 and
5 minute samples respectively; D_ and D_ are the

3 5

doses that should bhe absorbed in 3 and 5 minutes and
E is the extra dose absorbed by the system during
the source transportation.

By combining 2q. (A=) and Eq.(A-5), the extra
dose E can be eliminated so that in 2 minutes time,
the exact absorbed dose is

DZ = TD5 - Tl)3

= Dg - Dy (a-6)
and the error due to source transportation is excluded.,
lence the exact dose rate measured by the dosimetry
can be calculated by dividing I)2 with 2 minutes,

Using this approach, the exact dcocse rate was
equal to 109 rad/sec. which was used for the calculation
of the absorbed dose of the iodine solution system as
described in Appendix B.

“or the interest of comparision, the dose rate

had also been computed using Swallow's formula Eq.{(A-3).
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As expected, a slightly larger value, 134.8 rad/sec. (vs.
129.0 rad/sec.) or after the correction, a value of 111.3

rad/sec. (vs. 109.0 rad/sec.) was obtained.



APPENDIX B

CALCULATION OF THE MASS ABSORPTION COEFFICIENTS

The Fricke dosimetry only provides the energy
absorbed by the ferrous sulphate solution, but this value
can be related to the energy absorbed by a system of
interest if the mass absorption coefficients of both the
dosimeter and the system of interest are known. The

relationship bhetween them can be expressed as:

D, =D,y x (ﬂa/e)s / (Ma/fe )d (B-1)

s
where s and d refer to the system of interest and the
dosimeter respectively. Notice that the mass energy
absorption coefficients (Na/e) were used in this work
(see Section II-1.4) and no buildup facteor was considered.

The mass energy absorption coefficients for
various elements are available in the literature as a
function of the photon energy (2,10,11,56,57,58). Sone
values related to this work were abstracted from those
literature, By graphical interpolation of the data at
1.25 MeV (average of 1,173 and 1.332 MeV), the mass
energy absorption coefficients are given in Table B-1,

together with the mass total absorption coefficients,

The mass absorption coefficient for a cenmpound XmYn can
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TABLE B-1

MASS ABSORPTION COEFFICIENTS FOR
ELEMERNTS AND COMPOUNDS AT 1.25MeV

Element Energy /ua/e Total U/
Comgzund (cmz/gm)x 10? (cmz/gm) x 102
Hydrogen 5.31 11.4
Carbon 2,68 5.68
Iodine 2.51 5.08
Chlorine 2.55 5.40
Oxygen 2.68 5.68
Methane 3,34 7.12
Water 2.97 6.32
cct,” 2.56 5.42

% calculated by Iq.(25)

be calculated by Eq.(25). nor example, when the equation

is applied to methane, it becomes

Ma A.W. C Ma AW, H

=) ( ) X - + 4 ) x

€ o, M.W. Cl, C Ny M.W. CHy
Ma Ma

Note that ( c = (== o )y

The values giveﬁ in Table B-1 include the éhree main

interacting effects, namely Compton scattering, photo-

electric effect and pair production (see Section II-1.3)
In the present work, ﬁhe system of interest is a

mixture of iodine, solvent (001h) and dissolved methane,
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By extending Eq.(25) the mass ahsorption coefficient for

the system can be calculated as:

Ma (/u a

May _ , Ma .
(T )e= FIZ(TT)IZX Pcnu 7?)0Hh+ F001u(7?) 4 (B-2)

CClh /

where P = N x M.W.

Z F + B + F
12 CHh CClh

N mole fraction

However, as demonstrated below, (%?)CCLA can be used to
substitute for (%?)S, because the mole fractions of iodine
and methane are so small compared with that of the carbon
tetrachloride that they can be ignored. Thus the variation
of iodine concentration in the solution will not affect

the mass absorptiocn coefficient at all. For example, in
Runs 33 and 44, where the iodine concentrations varied

from dilute to the saturation concentration, the mass

energy absorption coefficients were computed as follows:

Run 133
(o] . . N ~
At 49°C, the CH),, solubility is 0.691 cc/cc of CC,,
25 ml of solution (assume equal to 25 ml CClu) in reactor

0.5795 gm of I, dissolved in 39.1670 gm cey,

2
Compound CHu ‘ 12 CClu
No. of mole 0.00065 0.00228 0.25463

Mole fraction 0.0025 0.0059 0.9886
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Using Eq.(B~2), it can be computed that

Hay _ -2
( e)s- 2.55 x 10
compare with

-2
)y = 2.56 x 10
e Cth

The difference between the two values is less than 0.49,
For Run 4L where the mole fractions were CHh(0.00ZB), I,
(0.0106) and CClh(O.9871), the (“a) = 2.56 x 10”2 which
is exactly equal to the mass energy absorption coefficient
for pure CClu.

After computing the mass energy absorption coeffi-

cient, the absorbed dose by the system of interest can be

calculated by Eq.(B=-1) as follows:
(D.R.)d= 109 rad/sec. {*rom Appendix A)

The mass energy abhsorption coefficient of the
Fricke dosimetric solution can be approximated
by that of the pure water because the solution

is very dilute (0.00tL M), i.e.

Ha -2
( ) ( )1120: 2.97 x 10

dkl ua -2

’ (,C[u= 2.56 x 10

Therefore

(D.R.), = 109 x 2.56/2.97



94,0 rad/sec.

or

5.86 x 102 eV/gm/sec.

As mentioned hefore, no correction was being made for the
decay of the cobalt source, TFor a period of four months
the dose rate was not changing too much as demonstrated

below:

The decay rate constant for cobalt-60 is

) -
A= 3.602 x 107" day™ !
D =D e-":Kt
o
- 9%.0 x e 3:692 y 107" x 120

90.0 rad/sec.

The difference between the two values is about 4% which
is smaller than fhe other sources of errors from
dosimetry (timing) and the method of estimating the

absorbed dose using mass absorption coefficients.



APPENDIX C

THE COBALT-60 SOURCE

The gamma source used in this study was avcobalt
60 source purchased from the Atomic Lnergy of Canada,Ltd.
in 1962 with a source strength, measured on Octcber 9,
1962, of 5330 curies. A description of the source and
its dose rate characteristics are available in the litera-
ture (59). A detailed design of the source container is
reproduced in ¥ig.C-1. because the designs of apparatus,
source positioning stand for the present work were based
on the dimensions given in this figure,

The -source is housed in the Hot Cell located in
the McMaster University Nuclear Reactor. The hot cell
has a rated capacity of 10,000 curies of cobalt-60, Its
heavy concrete wall (# foot thick) is equipped with
removable concrete plugs of different diameter sizes,
They can be removed if necessary for introducing tubings,
electrical wires etc. into the hot cell. #For a flexible
tube or wire, a special concrete plug with coiled
"tunnel" is used to replace the solid plug, but for non-
flexible tube such as glass, such a special concrete
plug is useless and proper shielding using lead blocks

has to be built at one of the open ends., The hot cell
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is also equipped with a viewing window (4 feet of t'leaded!
glass), two master slave manipnlators, a 20 foot storage
water well and an electrically operated crane.

The cobalt source consists of 12 line sources
called pencils, The are arranged synmetrically in a
qyclindrical form so that the radiation fluxes from each
of the 12 pencils are overlapping with one another,
Ylence a longitudinal dose uniformity can he achieved as
"shown in Fig.C-2, but the radial dose intensity is
dropping drastically with increasing in radial distance
as shown in Fig.C-3. In the present work, the reactor
was placed in the centre of the source at a level where
the longitudinal dose uniformity could be expected,
Since the reactor had a small diameter, the variation »of
radial dose intensity in the reactor would not be very
large. Moreover, the mixing in the reactor would
eliminate the problem of mon-uniformity of radial dose
intensity. Thus it could be said that the reactor
received uniform dose both longitudinally and radiallw

A positioning stand for the shurce and the reactor
as shown in Pig.C-4, was built in order to have the
positions of the source and reactor fixed, and also to
have an easy manipulating of the source with the pair of
slave manipulators, It consisted of 3 pieces of % x 24

x 24 in. plywood held together with four % in. diameter
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steel rods by the flexaframe feet. Three concentric
holes in different diameters were made on the three pieces
of plywood, with the top piece having the largest hole
and bottom piece the smallest, These three holes enabled

the reactor and the source to sit at their fixed positions.



APPENDIX D

DESTIGN OF APPARATUS

A continuous flow system was originally adopted
for this work and there are several ways that a continuous
flow system can be achieved. It is the purpose of this
appendix to discuss these different ways briefly and the
one chosen for the present experiment in more detail
together with the other auxiliary parts required in the

experiment,

D-1 Continuous Flow System

There are various ways to achieve a continuous
flow system, but oniy four methods will be presented
here. Two of them are using a plug flow reactor and the
other two are using a backmix reactor. Notice that the
two methods using plug flow reactor are carried out in
the gas phase. Although the gas phase reaction is not
of interest here, they are presentéd here as a comparison
with the other methods,

(1) Plug flow with iodine feed as vapor

In this method, the methane and iodine wvapor are
fed into a plug flow reactor at a temperature high enough

to prevent any iodine condensation. The reactor is

143
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Placed in a field of gamma radiation. The products and
unreacted reactants are condensed and collected in a
condenser system,

Jodine is in solid form at room temperature and
pressure. Thus in order to introduce the iodine into
the reactor as a vapor, high temperature (at normal
pressure) is necessary, In a laboratory, a continuous
feed of iodine wvapor can be achieved by using a cérhurettor
containing some iodine over which an inert gas or methane
will flow. The carburettor can be maintained at a constant
temperature in a furnace or an oven. A fairly high
temperature, probably near or above the melting point of
iodine (note that iodine sublimes) has to be used in order
to obtain a reasonaﬁle iodine feed concentration., For
example, using the vapor pressure chart of iodine (Fig.
pD-1), at 105°C and at one atmospheric reaction pressure,
the mole *, of iodine in a methane iodine mixture is 7%
and at 15800 is 50%. However, as the temperature is
increased, the vapor pressure is more responsive to the
temperature change. For instance at 15000, the slope of
the curve is about 8.3 mm Hg/OC which means that about
2.8% of error in vapor pressure at 150°C will be
introduced per degree temperature change. Thus the tem-

perature control of the carburettor becomes very critical.
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A method has been proposed (60) to replace the
carburettgr by a syringe pump used for introducing benzoic
acidq;apor into a reactor. Note that benzoic acid is
solid and sublimes near its melting point. Using this
method, the iodine at liquid state, in a syringe placed
in some kind of heating medium is forced out of the
syringe by a calibrated syringe pump into a vaporizer
which will vaporize the liquid iodine into vapor iodine.
The vaporizer used was designed for use in a gas chroma-
togranh liquid inject port. In this case, the temperature
control is less critical and the inlet iodine concentration

has less constraint. However, some difficulties in using

this method have been reported and needed to be improved
(60).

(2) Plug flow with iodine feed as solution

Thé main difficulty encountered in the above
method is that iodine will condense and plug up the
system if there are cool spots in the system. One way
of avoiding this is to introduce the iodine into the
reactor by using iodine solution, provided that the
solvent is not going to affect the reaction. The solution,
when it enters the plug Flow reactor, is immediately
vaporized by the high temperature at the entrance of the

reactor, The vaporized solution together with the



147

incoming methane then move farther down the reactor and
react with each other under the influence of garmnma

radiation.

(3) Backmix with iodine feed as vapor

The iodine vanor and the methane either premixed
or not are bubbling ﬁhrough a column of solient in a
backmix reactor placed in a gamma radiation field. The
iodine vapor can be obtained as described in method (1)
above, Tlowever, the solvent has to he maintained at a
fairly high temperature in order to prevent the iodine
from condensing. At such a high temperature, heavy oils
or some molten organics have to be used as solvent because
ordinary liquid solvents will not stand these high tempera-

tures.

(%) Backmix with jodine feed as solution

The method seems to be the easiest method to
bring about a liquid phase reaction hetween iodine and
methane., The G value obtained for the gas phase iodina—
tion was S0 high that it was assumed that the use of a
solvent in this reaction would at most lower the rate of
reaction or lower the G value but was stilY high enough
for one to assess its commercial value. Therefore it
was adopted for this study. In this process, both iodine

solution and methane are fed into a backmix reactor
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which initially is filled with the iorline solutioh.

D=2 Design of Backmix Reactor

The kinetics equations and the natures of this
gamma induced iodination reaction are not available in
the Literatgre. However, it was believed (Ql) that the
reaction occurs by successive iodine substitution to the
methane as shown from Eq.(49) to Eq.(54). This kind of
regction is referred to as a consecutive-competing (or

series-parallel) reaction (61) and its general representa-

tion is
A +B — R
R+B — S o (n-1)
S +B — T

or A r2,g . g

where B is the iodine, A is the methane and R, S and T
are products. Thus qualitatively, it is possible to
predict the product distribgtion according to the mode
of bringing the two reactants together. For example, if
mefhane is added (or dissolved ) slowly into a backmix
reactor fullrof iodine solution, the dissolved methane
will react with the iodine to form methyl iodide. But
the reaction will not stop there because in the presence
of large amount of iodine, thé methyl iodine will react

further with the iodine to form methylene iodide. Thus
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the product distribution will behave as shown in Tig.
D=2, ané very little intermediate prodiuct will be produced.

On the other hand, if very little iodine is added
slowly into a backmix reactor full of solvent which has
been presaturated with methane, the intermediate product,
methyl iodide will be produced. The concentration of
CHBI will buildup slowly until its concentration is high
ennough to compete with dissolved methane for the added
iodine, so that its concentration bhegins to drop off as
shown in Fig.D=3. In short, as summarized by Levenspiel
(éi) "For a given conversion of reactant A a maximum
amount of intermediate is forrmed when we do not mix
materials at different stages of conversion",

Thﬁs in‘the present work, with the set up as
\described in Section D;l () aone, the product distribu-
tion shown in ™ig."-2 is more likely than that in Fig.D-3,
(Provided the rate constants for each successive étep are
not too miuch different in magnitude). The product
distribution shown in ¥Tig.D-3 could be achieved if the
content in the reactof is alwayvs saturated with methane
and very dilute iodine is either fed into the reactor
very slowly or by using a pulsation technique of feeding
the iodine. However, the ultimate objective of this
work is to produce the iodomethanes which can mean any

of the three expected organic products. If the reaction
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turns "out ‘to favour = the production of certain product,
then the optimization of the process will be concentrated
on that product.

Thus the reactor design will then only depend upon
the size or dimensions and the dose characteristic of the
cobalt 60 source. As diécussed in Abpendix C,'the cobalt
source provides a longitudinal uniform dose of about 4
inches and therefore a reaction zone of about I inch long
was desigred, The source was at its exhausted stage, and
in order to get a maximum possible intensity out of that
source, the reactor should be placed at the centrevof.the
source where maximum dose rate counld he obhtained. There-
fore the diameter of the water jacket cannot be larger
than 3 inches which is the inside diameter of the source.
The water Jjacket was kept as slim as possible td.avoid
any significant reduction of radiation due to the water,
The final design of the two reactors are shown in Fig.D-b.
The inner diameter of the reactor was rather small so
that there was not mich room for a piece of sintered glass
to be joined to the tip of the methane inlet, Instead
the methane inlet was sealed with five pin'holé openings,

Other auxiliary glassware for this work is
shown in Tig.D-5. There are (a) the reflux condenser
for the reflux reactor in Tig.D-4{(b), (b) the gas-liquid

separator and (c) the iodine solution reservoir, The
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reflux condenser was an ordinary L0OO mm long condenser
with coiled tube and ground joint (8 24/40) at both ends.
The gas liquid separator consisted of threc sections.
The top section was a condenser for condensing the vapor
of the'product stream. The middle section was for taking
small liquid sample with the smaller bulb calibrated to
be 8.5 ml and total capacity of this section was 14.0 ml.
This section also served as a temporary container while
the liquid sample was being withdrawn from the bottom
section. The bottom section was actually for collecting
all liquid from reactor, The big bulb at the bottom was
calibrated to be 30.5 ml.and the total capacity in this
section was 50ml. As mentioned before the original plan
~of this work was.to have most of the collected liquid
recycled wvia the side tube of the three way wvalue at the
bottom of the gas-liquid separator. Thus the amount of
sample withdrawn from the separgtor for gas chromatograph
analysis had to be consistent or the fraction of the
;iquid withdrawn for fhis nurnose had to be known. This
was why the separator was scaled: The reservoir for the
iodine solution consisted of two 50 ml, burets which
perimmitted the feeding of iodine solution to the reactor
as well as the refilling of solution from top vessel to

the buret at the same time. A nitrogen pressure of
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10 - 15 psig was used to provide a constant unstream
pressure head for the rotameter. The three way valve
.for the nitrogen could cut off the pressure in the top

vessel for refilling the top vessel if necessary.



APPENDIX E

ROTAMETERS AND FLOWRATE CALIBRATION

Two sizes of rotameters were used in this work.
They were purchased from the Brooks Instrument, Ontario,

with the following specifications:

Meter Cat. No. Max. flow
size {min. flow~¥10 nax.flow)
Water Air
2 R-2-15-AA Glass 1.02 90.9
Sapphire 1.98 138.8
S. Steel L.96 268.0
2 R-2-15-D) - Glass 5.8 378
Sapphire 10.5 518
S. Steel 20.8 832

Rotameter No., R-2-15-AA with both glass and stainless
sterl floats was used to meter the methane flowrate. The
calibration curve is shown in Fig. k-1. As mentioned in
Section I1I-3.1, a pressure of 3 psig was maintained at
the down stream of the rotamer by a pressure regulator
(see Tig.11) in order to prevent the rotameter float been
fluctuating. llence the rotameter was calibrated at this

condition. The choice of 3 psig was quite arbitrary,

156
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but it was chosen mainly because it is large compared

with the 4 inches solution of hydraulic pressure in the
reactor, The usual laboratory mercury manometer, which
give a more sensitive and accurate reading, was substituted
by a pressure gauge because no mercury was permitted to
use in the nuclear reactor building. Another feature of
the Mclaster nuclear reactor is tﬁat fhe pressure of the
building is always adjusting itself slightly (0.13 in. of
water) below ambient pressure, However, this slight
difference in pressure was ignored in converting the
measured methane flowrate to standard temperature and
pressure conditions., The methane flow-rates were calibrated
using the conventional soap bubble meter method.

For metefing liquid flowrate, both liguid feed and
recycle, two rotameters (R—2—15—D) with glass and sapphire
floats were used, Both ends of the rotameter were joined“
vto two pieces of ball and socket joints so that the
rotameter could be changed easily and only glass was in
contect with the corrosive iodine solution., These
rotameters were not calibrated mainly becausekdifferent
solvents and different iodine concentrations were expected
to be used in this work. However, they acted as indicators
for constant feeding rate and the total solution fed into
the reactor could be obtained from the buret readings.

Perhaps, as a recommendation, for handling such variety.
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of solvents and concentrations in small flowrates, a
syringe pump would probably be the best., Other kinds of
pumps are not very satisfactory bhecause either they are
-normally designed for a larger flowrate or they carnnot
resist the very corrosive nature of iodine solution and
iodides. (Stainless steel is not suitable for long

period of use).



APPENDIX F

PHYSICAL CONSTANTS O% CHEMICALS

Some physical constants such as molecular weigﬁt,
boiling point, melting point, G value and solubility will
be given in thié appendix for referénce because they play
a very important role in this work, The wvalues are
presented in two tables; Table FP-1 gives the molecular
welght, boiling point, melting point and G value of all
chemicals of interest and Table F-2 gives the detailed
solubility data for iodine and methane in various

sclvents,

TABLE F-1

PHYSICAL CONSTANTS OF CHEMICALS

Chemical Molecular Heltigg Boiligg G value
Weight Point( C) Point( C)

BRenzene 78.12 5.5 80.1 0.59-1.4
Carbon tetrachloride 153.82 -22.99 76.54 7.0 =25
Ethyl iodide 1.55.97 -108 72.3 2.7
Hexane 86.18 -95 68.95 7.6
Hydroiodic acid 127.91 ~50.8 ~35.38 -
JTodine 253.809 113.5 184.35 -
Iodoform ) v 393.73 123 Ca 218 -
Methane 16.04 -184 -161.,15 8.5
Methannl 32,04 -93.9 64.96 6.1 -15
Methyl iodide .94 -66.45 b2,k 2.h
Methylene iodide 267.84 6.1 182.0 -
Tetrachlorocethene 165.83 -19 121 -
Toluene 92,15 -95 110.6 0.h0-2.4
1,2,4 Trichlorobenzenel8L.45 16.95 213.5 -
Trichloroethene 131.39 -73 87 -
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SOLUBILITIES OF IODINE

Snlvent

Carbon tetrachloride

Methannl

Benzene

Toluene
Hexane

Chlorobenzene

Tetrachloroethene

Trichloroethene

TABLE F=2

AND METIHANE

Methene
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Todine
Solubility Temp.0 Solubility Temp.OC
(cc/cc of s)
17.7 /1 11 0.8L09 ~19.8
20 5 15 0.7621 0
22.5 18 0.7271 20
25.1 21 0.7031 ho
29.1 25 0.6878 60
(Ethanol) 0.56h4 0
16.72 4Wt.% O 0.4564 20
21.33 25 0.3904 30
24,60 35 0.316M4 Lo
0. Lhhh 60
0.0464 70
11.23 wWt.% 16.3 0.5687 13.1
1k .09 25 0.5680 20
16.10 30 0.5698 4o
20.05 4o 0.5787 60
25.51 50
119.34 g/1 20
3.56 g/1 25 0.454 50
0.h56mol.% 25 0.6035 22
' " 1 0.4802 20
0.4748 99.6
23.2 g/1 18 - -
25.9 21
30.6 25
30.5 18 - -
3h.1 21
39.6 25



APPENDIX G

CALIBRATION OF GAS CHROMATOGRAPH

It is generally accepted that the area under a
chromatographic peak (Ai) is proportional to the amount

or concentration (Ci) of that component in the mixture,
Ay = fi(Ci) (G-1)

Thus if the proportionality factor is known, the measured
peak area can be converted to the concentration,

Many techniques are available for determining the
péak area and the tebhnique used in this work is to
compute the area by mmltiplying the peak height at maximum
by tﬁe peak width at half height., This method was fairly
.accuréte for the preéeht work bedause the shapes of the
peaks were close to a triangular shape (see Fig.13).

The pronortionality factor can be determined
through calibration and there are various methods available
for this kind of quantitative interpretation of the
chromaf&gram_as outtined in (44). The method used for
calibration in this work is the so-called internal
standard method. This is the most generally used method
because the exact knowledge or the reproducihility of

sample volumes is unimportant., This method can be

explained as follows:
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Using Bq.(G-1)

As = fscs

Ai = fici

where the subscripts s and i refer to the internal

standard and a particular component in the sampie.

Combining the above two equations, yields
A /Ay = (£,/£,)(c /cy) (G-2)

If a detector response factor of one (or 100) is assigned
to the internal standard, i.e. fs=1.0, then the response
factor of component i can be expressed relatively to that
of the internal standard. Nbrmally the concentration of
the internal standard is fixed so that Eq.(G-2) can be

simplified to

Q
H

CZRIIWIN

or C const.(Ai/AS)

because the fraction (Cs/fi) is constant for a component,
Hence a linear calibration curve plotting (Ai/As) against
Ci can be established without actually determining the
relative response factor. However, this métﬁod of fixing
t he intefnal standard concentration was not carried out
because in that case an extra componenit hadld to be

purposely added to the sample, This added component

mirsht disturbed the original chromatogram. . Therefore,



164

in the present work, the relative response factor of each
component was determined by rearranging q.(G-2) into

Eq.{(G-3) with £ o= 1.

£, 0= (a,/c)/(a /cy) (6-3)

Or if the amount of comnonent (such as number of mole) is

used, ©Bq.(G-3) can be written as
£, 0= (a/M)/(a /M) (c-4)

The internal standard in the present work was the solvent
(carbon tetrachloride). Actually it was not a very good
choice hecause various solvents were expected'to he used.
Nevertheless, it was chosen because other candidates

~CH,I,-CH212and CHI.. did not always appear in a chromato-

3 3
gram and iodine peak sometimes would give tailing and
made its area measurement inaccurate. Furthermore, if
other solvent is going to be used hesides CClu, it is
not difficult to find the relative response factor of
this solvent compared with that of CClh and then the
response factors of other components can he corrected
accordingly.

Although the exact knowledge or the reproducibility

of sample volumes is unimportant for this method, there

is a limited range for the samnle volume beyond which the
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response{factor may no lonzer he constant. Also
theofetically the response factor is independent on

the type of column used, temperature, attenuation,
concentration of the mixture etc,, hut in practice, it

is recommended to keep the calibration conditions as
.close to the actual product analysis conditions as
possible. Thus, in this work, the effect of sample size
on the response factors was checked in order to determine
the range of sample size in which the resmonse factors
were practically constant., Then using this range the
calibration of the detector response factorsf%u‘CHBI,

2 12 were determined at operating conditions similar

to those of the actual product analysis (see Section TII=-

CH,T
4.3.2).

G-1 Effect of Sample Size

A 10 microlitre micro-syringe was used in this
work, Three sample sizes, 4, 5 and 8 Jiss ﬁere used to
study this effect, A solution with known amount of
each component was prepared., Samples of 4L, 5 and 8 ul
were taken and injected into the gas chromatograph. The
peak area of each component was measured and by using
£q.(G-4) the relative response factor of each component
was computed, The same procedure was reﬁeated S0 fhaf

altogether 6 samples were injected,2 samples for each
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sample size, The results are given in Table G-l1. Since

the values were somewhat scattered, especially for the
methylene iodide, it was rather difficult, by looking at

those values to decide whether or not the response factors

were affected by the injected sample size. Thus a

"TABLE G-1

EFFECT OF SAMPLE SIZE ON THE RESPONSE FACTORS

Conmponent Sample Relative Response Average

Size Tactor f
CH,I L 0.812 0.792
3 0.733
5 0.755 0.796
0.838
8 0.852 0.806"
. 0.761
CH.TI L 1.287 1.300"
272 1.131h
5 1.287 1.374
1.h62
8 1.505 1.h12
1.319 7
I b 0.670 0,669
2 0.668
5 0.690 0.667
0.644
8 0.683 0.662

0.641
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satistical method of testing the results was used to
decide this,

Tor each component, there were three means
which were obtained from three groups (or three injected
sample sizes). Tach group consisted of two samples
(which theoretically should be the same). The t-test for
studing the difference between two means (ég,ég) could
not be applied here hecause there were more than two
means to be comnared. If the comparisons are made two
at a time, there are (n/2)(n-1) comparisons for n means
and it is sometimes nossible to obhtain a least significant
differehce between two means simply because of the large
number of comparisons even when no difference exists (62).
Thus the method of analysis of variance was used, but a
t-test was also used for comparing two means from the

four nl and 8 pl samples.

G-1.1 Analysis of wvariance

The method of analysis of variance for comparison
of several means is exptained in many satistical texts
such as reference (62). It will be presented here briefly
in Symbolicform'and illustrated by épplying to tﬁe present
work. Tor a series of replicate data {e.g. number of
injected samples) taken at different conditions of some

factor GG (e.g. different injected sample sizes), the
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values can be presented as:

TABLE G-2

SYMBOLIC DATA FOR VARIANCE ANALYSIS

Group G G « o

Item in group -
Run 1 X

~

i1 12 ° 1n

Run 2 21 X2 0 0 0 Xy,

No. of run kl o k.

Total (T) T T, o o T

A table for the analysis of variance can then be set up
as has been prepared by Volk (62) as shown in Table G-3.
Following Table G-2, the present data can be tabulated

as éhown in Table G-4 for methyl iodide. The data in

the bottom part of Table C-h are coded by multiplying
each value by 1000 to remove the decimal. Note that the
coding by adding or subtracting a constant has no effect
on the calculation of the sum of squares or the variance,

The coding by multiplying by a constant will change the



TABLE G-3

ANALYSIS OF VARIANCE
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Source Sum of squares Degree of Mean square or
o freedom variance estimate
Total 2 SZ"(!Z
Z:X - - N -1
N
2 2
Among zTi (2‘() Group sum of Sq.
group - = n -1
k. N ,
i n -1
Within
group Difference Difference VDifference sum of sq.
~ Difference NDF = N - n
n
where N is the total number of runs = 211 ki
TABLE G-h

DATA FOR VARIANCE ANALYSIS (CHBI)

Group or . ,
sample volume (ML) t 5 8“
Run 1 0.812 0.755. 0.852
Run 2 0.733 0.838_ 0.761

Codéd data (multiplying each value by lOOO)

Group or

sample volume (ul) b 5 8

Run 1 812 755 852

Run 2 733 838 761

Total (T) 1545 1593 1613
806.5

Mlean A 772.5 796.5



resulting variance by the square of this constant. But
since the F-test is a ratio of two mean squares, the coding
factor will cancel. If decoding is necessary, the coded l
value can be divided by the square of the constant.

The analysis of variance for CHBI is shown in
Table G-5 with the calculations éiven below the table.
Since the calculated F was much smaller than the tabulated
P value,'at 0.05 level,thereiwas no evidénce of a fadtor
among groups which caused a wvariation in the results
greater than that could be accounted for by the wvariation
within groups.- In other-words, -there was no-evidence of
injected sample size effect which caused-an error in the
final result. The variation of the response factors
could be considered to be the variation within the group
(or within a injected sample size).

VSimilarly for methyleneriodide and iodine, the-
calculated F's were much smaller than the tabulated F at
0.05 level. The calculated F's for methylene iodine -and
iodine were 0,586 and 0,0402 respectively. Therefore,
the same stateﬁent as CH,I could be made for CH212

3

and 12.

By procecding further, and using the concepnt

of "wholly significant difference” (WSD), it is possible

to test whether or not the multiple means are different
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TABLE G-5

VARIANCE ANALYSIS FOR CH,I

3
Source Sum of square D.F. Mean sq.
Total 3,773,927-3,762,000:11,927 5
Among group  3,763,221.5~3,762,000=1,221.5 2 610.7
Within group 11,927-1,221.5=10,705.5 - 3 3568.5
N = 6
X = 8124733+ . . . +761=4,751
X% = (812)%+ . . . +(761)% = 3,773,927
(EIX)2~ (4,751)% = 22,572,001
gZSx)z
L=l 22,572,001/6 = 3,762,000 _
N

(1545)2 + (1593)% + (1613)%= 7,526,447

7,526,443/2 = 3,763,221.5

(Note: kK, =k, = k3 = 2) .

Mean sq. (Among G)

3568.5

Mean sq. (within @)

610'7 = 0.171

table at 0.05 level, at degree of freedoms of

the value of F is

Fo.05,2,3 = 2+33



from one another (62). The method is illustrated by

applying it to one of the present case, methyl iodide.

From Table G-5
mean square within group, §2(X) = 3568.5

'+ the pooled estimate of standard deviation,

5 (X) =~/3568.5 = 59.75

k =2
+."« the estimate of wvariance of the means,

(X)= S(X)/~K = 59.75/~J2 = h2.2

u

n =73 : S

v=N+-n=3
From Table of WSD/S(X), at n = 3, v = 3

wsD/3(X) = 6.0

.f; wSD (6.0)(k2.2)= 253.2
By arranging the means (see table G-4) in rank order
(i.e. from small fo lafge) the difference between the
succeeding pairs is_compared with the WSP as shown in
Table G-6

TABLE G-6

WSD -METHOD OF TESTING THE MULTIPLE
DIVFERENCES AMONG A NUMBER OF MBANS (CHBI)

Rank Group No. Meén Difference
i 1 (4 ) 772.5 2% .0
2 2 (5 uL) 796.5

- _ 10.0
3 3 (8 1) - 806L5 o
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The differences between all the three groups were less
than the WSD. Therefore it could be concluded that the
difference in injected sample size did not give results
significanﬁiy different from one anothér.

Similarly, using the same method, it was found
that for meth?lene iodide and iodide, the'differehces
between the three groups were less than the corfespdnding
WSD's. Thus the same conclusion could be drawn for CH,I,

272

and 12. In short, the sample size had no effect on the

response factors for the range of h‘pl to 8 ul.

G-1.2 The t - test

The t expression to test the difference between

two means is as follows:

| X X, | *

6 = L~ 2 (G-5)
S(x) }an+ Vnz
where il and i2= two separate means
n, and n,. = nuntber of samples
- -8§(X) = pooled estimate of standard deviation

or §2(X) = Z(Xi = il)z - Z(XJ - }-(2)2

nl + n2 - 2

Thus by applying this expression to the 4 Ml and 8 ul

éample sizes, the results are summarized in Table G-7.

All the calculated t values were less than the tabulated
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t value at 0.05 level and two degrees of freedom. Thus

TABLE G-7

THE t-TEST FOR TWO MEANS

Component - CHBI CH212 12
Sample size Qui) h o 8 4 8 s 8
Mean .7725  .8065  1.3005  1l.h12 .,669  .662
52 (x) .00363 .00883 . 00044
t | 1.13 2.38 0.667
*0.05,2 | - b.303

the null hypothesis that the two means are equal or Ho;
Ah =ﬁ42 was accepted. In other words, the mean obtained
from the h,Hl samples could not be distinguished from

the mean obtained from the 8 U1l samples. -

G-2 Response factors of components-

The response of the detectbr was calibrated with
~a mixture of all the componqnts. The concentration of
each component was keﬁt in a range that the actual
'concentfation in the product stream would fail. The
injected sample size was within the range of 4 to 8 11,

which had been proved (above) to have no effect on the



TABLE G-8

RESULTS OW RIESPONSE FACTORS CALIBRATION

Approx
Sample Component Sample Mole Mole = Average
No. i Size - % £y
1 CH, T 5 0.2114x107°  0.082  0.858
ccl, 0.2555 99.521 1,0
I, 0.74h7x1073 0,290  0.628
CH, T, 0.2744x10™°  0.107  1.401
2 cH, 1 8 0.9229x10™" 0.036  0.823
ccl,, 0.2568 , Y9,822 1.0
I, 2,864x10" ' 0.111 0.616
CH, T, 0.7990x10""  0.03L  1.825"
3 CH,T 5 1.1413x1077  1.096  0.721
ccl,, 0,1011 97.046 1.0
I, 0.7525:;10"3 0.722  0.713
CH,T, 1.1835x107° 1.136  1.305
i CH,T 5 0.3896x107° 0.382  0.793
ccyy, 1.006 - 98.742 1.0
I, 0.4h2x10™ 7 0434 0,699 -
CH,T, 0.4500x10™3 0.442  1.329
5 CH,T 8 0.5636x10'” 0.054 1.289"
cel,, 0.1045 , 99.795 1.0
I, o.9h56x10‘; 0.090 0,825
CH,T, 0.6422x107 0.061 1.33h4

. The values were slightly higher because the
concentration was so small that the peak
area was very small.,
area mensurenent would introduce some error.

Therefore the peak
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responses. "The mixture for gas chromatograph calibration
was prepared as described in Section III-4.1. The results
of the calibration are shown in Table (~-8. Notice that
-at very low concentration, the peak area was ' so  small
that it bounded to have some error introduced in the
measurement of the peak area.
Tahle G-9-showsvthe feSponse factors of fhe three

components related to that of CClu which was assigned as 1.0

TABLE G-9

'RESPONSE FACTORS OF COMPONENTS

Component Response factor 'Range+
CClu 1.0 B
I, 0.671 0.616-0.750 {0.825)
CH,T, 1,337 1.287-1.401 (1.825)

+ Value in parentheses showed the extreme limits
when those values with an asterisk in Table G-8
were included,

The values in Table (G-9 were used for all the quantative

analysis of the chromatograph of the product stream.



APPENDIX H

SAMPLE CALCULATIONS FOR QUANTITATIVE -

ANALYSIS OF PRODUCT

The original design of the experiment was a continuous .
flow process with liquid samples withdrawn solely from
'thé‘gas-iiqﬁid‘séparator. In this case tﬁe analysis of
the conversion, selectivities and yields would be very
simple with the response féctors of each componeht given,
For example, by rearranging Eq.{G-#) to Eq.(H-1), it can

be seen that the conversion of jiodine, selectivities of
Mi/Ms = (Ai/As)/fi (H-1)
methyl iodide and methylene iodine can be expressed as

follows:

Conversion of I9

oM, o+ M
2 + 2
XB = " L (H—Z)
=N N A \
2‘ILL+”!2+‘13(r-emaindimg)
where Mi = mole of component i,

Subscripts 1, 2 and 3 represent CHBI' CH212 and 12

respectively.

Nafs

M. /M o+ M, /M
X = 1 S 2 S 7 (11-3)
3 3y /M Ry N Mo M
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Selectivity of CH

3I or CH212
s M,
17
Mo+ M,
MI/MS
=7 ' (n-4)
3 Ml/Ms+ M2/MS
M, /M
2 s
'8, = - (H=5)
1 1 A X
1 Jl/ls+ IZ/JS
(e -
Yield of CHyT or Ch,I,
Yy = X5 xSy 7 : (H=-6)
Y2 = XB X Sz (H"'7)

Unfoftunatély tﬁis simple method was not applicable for
the sémi-ﬁatch proceés because fdr example in the over-
flow semi-hatch process, there were three sample§ taken
from three places -~ separator, trap and reacfér; Certainly
thebtﬁree sémpies, can beliumped together befbre a sam§1e
is taken for gas chromatograph analysis. However, this
method has a disadvantage that it will not'reveal which
sampling place gives the most required product, Thus

an elternative and longer method had to be used in the
present work., This method involved the computation of
the actual amount (in mole) of each product and unreacted

iodine present in the sample. The method is illustrated

as follows :
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The mole ratio of component i to solvent is shown
in Eq.(li-1). If all the mole ratios are summed up and
each mole ratio is then divided by the summation, the
quotient will he the mole fraction of that component in
the sample.,

M, M, /M

Mole fraction of i. = = (11-8)

M, Z(Mi/ms)

1

Since the amount of sample in the present work was given
as weight, the mole ratio (Mi/NS) has to be converted to
~weight ratio by multiplying with a molecular weight ratio.

i.e,

Similar to the computation of mole fraction it can be
shown that :
(M) (Mwi)
ZEMi ) (Mwiﬂ
: »
(v;) (0w )/ (1) (0 )

> Kui ) (v, )/ () (r-mS]

Using this technique, the calculations, based on Run 33,

Wt. fraction of i

(x-9)

are summgrized in Table H-1,
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TABLE H-1

QUANTITATIVE ANALYSIS OF PRODUCT STREAM

Teed Réactor Separator Trap
ltem 1 1 CH.,T ; -
2 > ‘13A CH, I, I, Cli5T CHqX
A, /A . ) ) . _

i 0.00602 .,00859 .000753 .000518 .001617 .000393 .001003
Mi/Ms 0.00897 .01279 ,000945 ,000337 .002409 .,001127 .001258
wi/wS 0.01480 ,02110 000872 .000674 ,003975 .00t0hO .001161

zw&/ws L.01L480 1.,0226h6 1.005015 1L.001161
V.F. 0.01458 .0206 .000853  ,003955 .003955 .00LO35 .001160
Total
w.a 39.7h65 25.6191 5.4380 1.5075
V. 0.5795 . 5277 .0218 L0169 .0215 L0056 L0017
Note
f_ = 0.671 My, /MW = 1.650
I, I, ccly,
- . L4 h = { . L&
fon. 1 = 0797 MNoy 1/ Wect ). 923
3 3 b
foy 1. = 1.337 L /chcl = 1.741
272 272 4
&
Ai/As from peak area measurement
Mi/Ms from Eq. (H~1)
LIRS (Mi/Ms)(MWi/MwS)
W. Fuo from £q. (H=9)

Total W

Wedight of sanmple
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"From these values the conversion of iodine, yields of
products, radiation yields and a iodine halance could

be computed as follows

(1) conversion of 12

Amount of unreacted I 0.5492 gm

2

or 0.002164 gm-mole

0.5795 gm

0.002283 gm-nmole

Anmount of I? in feed

or

* '- 3 - - 2
X - 0.,002283 0.002164 = 0.0521

2 0.002283

(2) Yield

00,0291 gm

Amount of CH3I produced

or 0.0002050 gm-mole

Amount of CH,I, produceds= 0.0169 gn

or = 0,000063 gm-mole
Y., . - 0.0002050_ _  oggn
31 0.002283
Yo 1. = 0.000063 | 4, 6276
272 0.002283
(3) G values
T
6.023 x ].O"3 x 100 [i] (see section
G = ' TI-1.1)
D x [Ié] x 253,809 |
‘ 1 .
DR = 5.86 x 10~5 eV/gm/secc. (Appendix B)

D= 5.86 x 10%x 2 x 3.6 x 10 %= 4,22 x 107ev/g



182

Since this was a semi-batch process, the volume involved

was the same for 1 and 12 y assuming no lost of

solution., Thus concentrations could be replaced by the
gm-moles,

; -/
6.023 x 1077 x 100 x 2.050 x 107"
}x 253.809

G

CHyT .22 x 10'9 x 2.283 x 107

5 00.0

Similarly

r . —
. _ 6.023 % 10°° x 6.30 x 1079
CH, I, h.22 % 1072 x 2.283 x 10 9% 253.809

154.0

() Iodine balance

JTodine used 0,000119 mole

CH.T formed = 0,0002050 mole

~ 3
« + Amount of 12 in CH, I 0.0001025 mole

3

]

0.,0000630 mole

i

CH212 formed

0.0000630 mole

e s Amount of I2 in CH212

0.0001655 mole

It

Total 12 in iodomethanes

0.0 5 - 0, 1¢
9 error = N,0001655 0,000119 100

il
0.000119

3.1 %

]
W2



