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of' CH
3
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In view of the propensity· 
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I INTRODUCTION 

In view of the large amount of' gamma energy 

currently being wasted as spent f'uel elements, much 

effort has been expended to investigate the potential 

use o:f the garnma 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 f'or example (1) insuf:ficient return per unit • 

energy cost to be competitive with alternative methods of 

processing (2) the radiation chemistry of the reactions 

is rrequently extremely complex and (J) the non-specific 

character of radiolysis always results in many side 

reactions. 

Not much improvement can be made on thB latter 

two disadvantages so that much effort has been f'ocussed 

on the cost f'actor. In order to achieve a reaEonable 

cost in producing a low molecular weight chemical, a 

long chain reaction is necessary. It is well known that 

many halo~enation reactions are chain reactions. In 

particular, a fair amount of work on chlorination 

reactions has been done. 

Recently tl1is halogenation work has been extended 

1 



to gas-phase iodination of methane, even though the 

prospects of chain iodination are unpromising and 

d&spite the propensity 0£ iodine as radical scavengero 

Nevertheless, the yields of iodomethanes were reported 

to he very high (31). This led to the present study 

of liquid phase iodination or methane. 

2 

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 liquid phase?". The new 

objective rorms the entire discussion in this thesis. 

j 



II LITERATURE Sill-lVEY 

II-1 RADIATION 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 regarded 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. There£ore, the two subjects 

·are ·closely related to each oth~r and they will be briefly 

surveyed together in this section. 

II-1.1 Definitions and Units 

The def'initions and units are presented here in 

order to clarify the later use of the terms in this 

thesis. 

Absorbed dose (n) As defined by the International 

Commission on Radiological Units in 1962 (1) the absorbed 

dose is equal to 6E/Am, where AE is the energy imparted 

by the radiation to the matter in a volume element and 

Am 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 

J 



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

and equivalent to 6.24 x io13 electron volts/gram. 

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 increment in absorbed dose in time 6t. 

Strength or source (s) The strength o:f a source is the 

4 

intensity o~ radioactivity of the source and it is graded 

in curies, defined (~) as the quantity o! any radioacti~e 

nuclide in which the number of disinteerations per sec. 

is 3~700 x io10 • 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 ab-so-rbed - 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 1025 x [~ 
D x (I2] x 253.809 

where [x] is the concentration o-f X produced in the system 

in (mole/volume), [I2] is the. initial iodine concentration 

in (mole/volume) and n is the total absorbed dose in eV/gm. 

A typical G value for the simple dissociation o:f 



a molecule is J to 10. When a chemical chain reaction 

occurs, G can become very high dependinff on how many 

reaction steps occur be.fore a termination reaction is 

experienced. 

II-1.2 High Energy Radiation 

5 

High-energy radiations generally include all 

electromagnetic radiations o.f wavelenffths less than 100 2 

to 1000 X, or of energies greater than 10 eV. Fig. 1 

gives a spectrum of electromagnetic radiation, showing 

roughly the means by which various types of radiation 

are produced. Although these radiations are energetic 

enough to ionize simple molecules, the energies of most 

.conven~ional radiations are much ~igher than 100 eV. 

For example most work on radiation-induced reactions is 

carried out ·with either X-rays, gamma rays or accAlerat;ed 

_electrons of 0.5 to 3.0 MeV. 

The common e:f.fect produced by these radiations 

as will be seen in more detail in Section II-1.J is that 

they o.ften result in the ejection of energ~tic electrons 

which lose their energies hy causing ionization and 

excitation as they proceed in trajectories through the 

matter. However, it is :found in practice that different 

types o:f raaiation o.ften produce different e:ff'ects .for 

a given amount of' energy absorbed (chap. I of 2). 
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Such differences are basically due to differences in the 

1inear density o:f events along the track which-is termed· 

as "linear energy transfer" or LET, expressed in keV 

absorbed per micron o:f track in the medium. For example 

the LET o:f cobalt-60 gamma rays in water is o.42 keV/µ 

compared with 150 keV/J.l :for polonium alpha particles. 

In practice, high-energy radiations are linlited 

to X-rays, gamma rays,accelerated electrons artd reactor 

radiation. Since only gamma rays are involved in the 

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

II-1.2.l Gamma radiation 

Gamma rays are photons of high quantum energy. 

Generally the quantum energy of' gamma.rays is above 

40,000 eV and they are considered to have higher energy 

than that o:f the X-rays. But as shown in Fig. 1, X-rays 

may have energies comparable to or even greater than the 

energies or the low energy gamma radiations. 

Gamma rays can be obtained by impinging fast 

moving particles (electrons) on a metal tar~et or from 

radioisotopes when they undergo nuclear trans:formation. 

A broad spectrum or quantum energies will be produced 

by the first method but radioisotopes emit gamma rays 

either mon~energetic or have a very small number o:f 

discrete energies. Thus gamma rays emitted :from 
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radioisotopes are mostly used in practice. One of the 

earliest gamma emitting radioisotopes is radium, but 

nowadays the most widely used gamma source is the artifi-

. cial radioi~otope cobalt-60 which is of interest here. 

Another use:ful artLficial gamma source is cesium-1J7 

which is becoming more attractive industrially because 

it has a long half'-lire of JO years. 

II-1.2.2 Cohalt-60 ~amMa radiation 

Radioisotope cohalt-60 is produced in nuclear 

reactors by the neutron bombardment of cohalt-59. It 

emits two eamn1a photons of 1.173 and l.JJ2 MeV respectively 

f'or every radioactive disintegration and it has a half'-

lif'e of 5.26 ~ .0~02 years. 

The decay pattern of' cobalt-60 is relatively 

complex, involving p, ~ transition to the eround state 

as shown in Fig.2(a). The main transition is the negatron 

of' energy O.Jl4 HeV decays to a .first gamma photon of' 

1.173 MeV and then- to a second gamma' photon o'f"-l.JJ2 MeV. 

However, this complex decay pattern follows a first-order 

equation as shown by gq.(1). Thus the radioactivity (A) 

of' a source decreases exponentially with time (t) 

or 

dA/dt = '>..A 

-"t A = A e 
0 

(1) 

(2) 
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where A
0 

is the ·Original activity and .X is the decay 

constant. Fig.2(b),which is a graph~cal presentation 

o:f' Eq. (2) t shows- the decay curve o:f' coba1 t-60. ~ is 

6 -4-( )-1 found to be 3. 0 x 10 days from the slope of the 

curve.· 

Because o:f the hieh photon energy, gamma rays 

have very high penetrating power so that gamma source 

above a :few millicuries in strength requires special 

shielding. Many methods o:f shielding are in use. For 

example, the. source can be kept in a lead- container, 

10 

under water, below ground or in a room with thick concrete 

wall. "I'he required thicknesses to reduce the gamma 

radiation are shown in Figs.J and 4 for lead and concrete 

absorbers respectively. Notice that the gaMma rays emitted 

from Ce-137 and Co-60 :follow Beer's law in both lead and 

concrete ahsorbers but radium in a lead absorber departs 

:from the law. This subject will be discussed f'urther in 

Section II-1.4. 

II-1.J Interaction o:f Radiation with Matter 

There are several ways by which gamma rays may 

lose enert;y by interacting with matter, depending upon 

the quantum energy of the photon and the nature of the 

matter. In .. the range o.f energies between 10 keV and 

10 MeV, the three major interacting processes are 
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photoelectric e~I'ect, Compton scattering and pair produc

tion. Other minor processes are f'or example coherent 

electron scattering, an11ihilation radiation, bremsstrahlung 

and £luorescence radiation. 

Photoelectric effect (Fig.S-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 or the 

electron in the atom. 

Compton scatte~ing (Fig.5-b) 

This interaction is an inelastic scattering. The 

photon imparts only part of its energy to an atom which 

then ejects an axcited electron at some angle 0, relative 

to the direction or 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 or 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 is transf"erred to the pair. '!'he minimum 

energy at which the process occurs is 1.022 MeV, which 
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(a) Photoelectric effect 

hv 

Cb) Compton scattering effect 

hv 

Cc) Pair production 
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(Eb= binding energy) 

( E = hv - hv') 

<Rest energy = I .022 MeV) 

FIG. 5 RADIATION INTERACTING PROCESSES WITH f.1f\TTER 



is the total rest energy or 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 or the positron with the electron. 

15 

Obviously, the consequence or the gamma rays 

interaction with matter is the subsequent disappearence 

o.f the photon and the production o.f energetic electrons. 

These electrons in turn will cause ionization and/or 

excitation in the matter. Fig.6 shows the relative 

contrihution of' each process to the total mass absorption 

coefficient {see Section II-1.4) of water. In the energy 

range below 100 keV, the photoelectric e.ffect is predo

minant and no pair production appears because pair 

production can only occur when the photon energy is 

greater than 1.022 MeV. At the region ot: 1 HeV, Compton 

scattering is practically the only interaction. This is 

generally trne not only .for water but also for all other 

kinds or absorbers, becanse when gamma rays emitted 

from Co-60 (quantum energy = 1.25 nev) interact with 

matter, Compton scattering is often the only ~mportant 

interaction observed. In .fact, this single interaction 

characteristic o~ Co-60 gamma rays is the main reason 

why the absorption of the radiation so closely :follows 

Beer's law as sho1'w'TI in Tt'igs. J and 4. 
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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 described in Section II-1.J. 

Those photons that do not interact will penetrate with 

their orig-inal energy and direction. --- The amount of" energy 

being absorbed in a single interaction is f"ound to follow 

the well known Lambert-Beer's law : 

I = I e -J.IX 
0 

(J) 

which states that the intensity of radiation (I) decreases 

exponentially with the thickness (x) of the matter. 

µ (unit: reciprocal length) is the linear absorption 

coe.fficient and the value depends upon the physical pro-

perties of the material and the photon energy. In cases 

where comparison of" absorption energies by two systems 

of diff"erent phases, use o1 the mass absorption coefficient 

is preferable to the linear absorption coefficient. The 

mass absorption coe.f:ficient is simply the ratio of" the 

linear absorption coefficient to the density of the 

material (µ/e). The conventional unit is cm2 /gm and 

of Eq.(J) is then expressed in units of mass per unit 

2 area (gm/cm). 

x 

Since three important interactions might possibly 

result rrom the radiation of matter, depending on the 

! 



photon energy, ~t should be emphasized here that Eq.(J) 

is valid only for narrow or collimated beams o.f mono-

energetic photons. In other words Eq.(J) is valid for 

cases where the photons are absorbed .from the beam by 

the same interaction. For example, gamma ray emitted 

from cobalt-60 interacts with matter mainly by Compton 

scattering and other interactions are o.f neeligible 

importance. However, in Compton scattering photons are 

removed .from the beam both by absorption and by scatter-

18 

ing (see Section II-1.J). Thus the absorption coe£.ficient 

(J1) in Eq. (J) is actually the total absorption coefficient. 

;'or a small sample where the scattered photons do 

not interact .further, the actual amount of radiation 

absorbed by the matter should be measured by the energy 

·absorption coef£icient (~ ) rather than the total absorpa 

tion coefficient (J,l). Consider a target irradiated by a 

gamma ray. Tl~ int~nsity at any de~th in~he target is 

I = I 
0 

-JlX e (J) 

The rat~ oI' removal of enerffy by ~bsorpt~on alone will be 

-.ux 
d I / dx = I » e a o a 

(4) 

There.fore the energy really absorbed by the entire target 

thickness is : 

I u Jx. e-JlX dx o .. a 
0 



or I = a (5) 

Compare this with the value calculated by Eq.(J) using 

.total abs~rption coe:f:ficient (µ) 

I . = I ( 1 - e -J.tx) a o (J-a) 

Notice ~hat i:f p = p, (i.e. only absorbing, and no a 

scattering in the interaction process) then Eq.(5) can 

be reduced to Eq. ( J-a). 

Normally, :for a lar&e target interacting with 

radiation by Compton scattering, most but not all o:f the 

scattering photons will remain and interact :further so 

thatµ <P· There:fore the energy absorbed by the target 
a 

i:f calculated by Bq.(J-a) based on the total or narrow 

beam absorption coe:f£icient (µ), will be larger than is 

actually the case. Or, in other words, ~he calculated 

dose required to do a job 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 
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is de:fined (4) as the ratio o:f the 'true' dose as exactly 

calculated or measured divided by the 'narrow beam' dose 

(i.e. calculated by Eq.(J)). The buildup :factors are 

available from the literature (S,6) and most o:f them are 

:for point sources in infinite homoceneous media. ?or 

more complex geometries, the buildup :factor-expressed in 

some form may be incorporated with the narrow beam 



expression and then the ~inal expression is integrated. 

An expression for the dose buildup factor which is 

especially useful becauEe of' its simplicity is eiven by 

Taylor, (4,,2): 

- Ol. pr 
(1-A) e 2 (6) 

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

coefficient; and A, ~l' ~2 are constants,adjusted to fit 

the tabulated data for µr. All these constants are 

tabulated in the literature (4,5). However, even this 
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method or handing buildup factor is not completely satis-

factory and ror some very complex geometrical arrangements, 

the calculations could be so laborious and approximate 

that a buildup ractor or 1 is often used to rep.lace the 

mathematical expression especially in the preliminary study 

of irradiator desiBn• In experiments where the tar~et is 

small, the energy absorption coefficient (J.l ) is used a 

directly on J~q. (3) withµ rAplaced byµ and the buildup 
a 

factor is disregarded. 

II-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' gamrna rays with the matter, ions, 

excited molecules and free radi.cals are :f'ound in the 

material o • These energetic species are re£erred to as 
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transient entities. The for mat ion and properties of' 

these species are aI'£ected by the photon energy, phase 

and nature or the matter. Generally, i.f 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 

b~hind a positive charged ion : 

AB ~ AB++ e (7) 

This ionization process should be considered as the 

removal of an electron f'rom the molecule as a whole 

rather than just from one part. The ejected electron 

:from Eq.(7) may cause further ionization and excitation 

if it is sufficiently energetic. The positive ion, 

however, will usually possess enough energy to undergo 

molecular fragmentation into a free radical and an ion 

as Eq. ( 8). 

(8) 

In cases where the energy released to the orbital 

electron is-less than the ionization energy, the electro~ 

may be raised from its ~round state to an excited state 

as : 

- *
AB "'~ AB (9) 

This excited mo~ecule may dissociate into free radicals 

I 
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as Eq.(10) or it may fall back to the ground state by 

* AB ~ A• + D• (10) 

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

* AB ~ AB + hv or heat (11) 

Obviously Bq.(7) to Eq.(11) are not the only ways 

by which the ions or excited molecules are created. For 

example molecules which have electronegative atoms or 

groups, e.g. OH, CN, Cl and Br may possibly give ions 

by direct splitting into a positive and a negative ion. 

+ -CClJ + 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.(lJ). Another common way in which a 

* He +A ~ + He + A + e {lJ) 

highly excited molecule can be .formed -by radiation is 

from the neutralization o:f a positive ion by an electron 

or a negativ~ ion. 

Thus the primary interaction of radiation with 

matter gives rise to positive and negative ions, electrons 

and :free radicals. The reactions which then f'ollow may 

be the interaction of these active species with one another 

or with the molecules or the surrouhdine; Medium. Thls 

results in· great reaction con1plexi ty which represents 

~. 
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di:fficulty and challenee in the elucidation of radiation 

chemistry. 

II-1.5.1 Free-raclical reactions 

Free-radical reactions are the most important 

reactions induced by radiation and many o:f them are quite 

well understood. However, as it was pointed out by 

Chapiro (7, Chap. III o.f 8) that in the radinlysis ot: the 

simple oreanic molecules, such as saturated hydrocarbons, 

only about hal.f (not all) o:f the products were formed 

as the result o~ .free radical react.ion. 

Free-rarlical reactions quite oftenresult in chain 

reactions althoue;h many f"ree-radical reactions proceed 

.witho~t involving chain reaction. Fo~ example the 

radiation-induced oxidation of hydrocarbons to .form 

peroxides is not a chain reac~ion at room temperature 

(Chap. IV of~). The reason for this is that probably 

at the high dose-rates used, the no2· radicals t:ormed by 

addition of oxyGen to organic radicals as Eq.(14) do not 

RO · 2 
( 14) 

abstract hydrogen :from other molecules, so giving hydro-

peroxides and other chain propagating radicals, but 

rather react with_ eac~ other. However, at temperatnre 

above ioo<>c, the reaction becomes a chain reaction. 
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Normally, rnost workers on radiation-induced 

reactions are interested in chain reactions in order to 

increase the efficiency of using the radiation source 

~s will be discussed in Section II-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 f'or chlorination of methane is 

presented in Section II-J. The chain reactions which 

occur in these reactions are mainly due to the very low 

a6tivation energies required to bring about the reactions, 

or_ the radicals formed are so highly excited that they 

can react with other rr1olecnles and create other new 

radicals. "Por example, in chlorination of methane the 

activation energy ~or a chlorine atom to attack methane 

and methyl chloride are J.85 and J.J6 kcal/mole 

respectively (Chap. 8 of 52). Thus the chlorination of' 

methane is an extremely rapid process (see Section II-3). 

Similarly for polymerization reaction the activation 

energies in the propaeation steps are very low. A value 

of about 5 kcal/mole is suggested for most common 

polymerizations (5J). 'T.'hus as long as an adequate mode 

* of' initiation is available, a polym~rization reaction 

will proceed rapidly. 

* For most initiators, the activation enereies are 
in the range of' JO-l+O kcal.moJ.e, (53). 
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The f"ref! radicals produced by radiation quite 

often behave sliehtly dif'ferently from those produced 

in other ways. Occasionally the radiation imparts 

·excess enerey 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 or photons 

and therefore they tend to react with each other more 

than would be expected i.f the distribution were uni.form. 

Finally, the f'ree-radical reaction in solid state can 

only be per.formed by using radiation. 

II-1.5.2 Ionic.react.ion 

As f"ar as reactions o~ ions are concerned, 

positive ions are more important than negative ions 

because many systems do not formed negative ion at all 

and positive ions generally appear to be more reactive 

than negative ions (Chap. I of" ~). The most com·rnon 

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 1'.>H + + R· .- .. 2 (15) 
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An example or this is in the case of methane 

(16) 

In condensation reactions, carbon-carbon bonds are .formed 

such as : 

R + + RH _____ ...._ R R+ JI ----,,.. - + 2 (17) 

or ) (18) 

Ion-molecular reactions can be extremely fast, occuring 

at every collision. :Many radiation-induced processes 

s11ch as crosslinking have been interpreted in terms of 

such reactions although these have not been proved 

experimentally. 

Another important type o.f 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 propae-ate 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 

about 10-S to 10-? sec.) 

II-l.5.3 Reactions of excited molecules 

As mentioned heI'ore in Eq.(9) to Bq.(11), excited 

~olecules, if they do not decompose to free radicals, 

'· 
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will .fall back to their ground unexcited state by 

releasing energy as heat or photons. Hut in addition 

to these, excited molecules can undergo energy trans.fer 

to other molecules. There are .rour suggested mechanisms 

o.f energy transrer: (1) The energy of an electronically· 

excited molecule is trans:ferred to a molecule in its 

ground state through simple collision. Ji"'or example: 

* Xe + H
2 

----7 (19) 

(2) The energy or an excited molecule is released by 

·' emission of' a photon, which is then absorbed by another 

molecule. (J) ~he energy is transferred by quantum~ 

mechanical resonance .from for example a solvent molecule 

to a distant solute molecule without the aid of inter-

mediate molecules. (4) The energy is transferred 

rapidly from molecule to molecule and the residence time 

of ener~y in any particular molecule is less than the 

peri~d of one. vibration. This ~rocess is known as 

exc~tnn transfer. 

However, by far the most common reaction c.f an 

excited molecule is the deco~position into free radicals 

as shown in Eq.(10). This reaction is believed to be 

one of the most important sources of I'ree radicals in 

radiation-chemical processes (Chap. II of 8). But unless 

the decomposition is ah enere~tic one there is, in 
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condensed phases at any rate, the possibility that the 

radicals may recombine within the solvent •cage' (Franck-

Robinowitch effect) leading to no net reaction (2,8). 

This effect should be especially marked with large 

molecules. H'or the highly excited molecules such as 

those resulting rrom charge-neutralization processes, 

the di~sociated radicals may be energetic enough to 

escape .from the 'cage' and recombination is less likely 

to occur. 

Other reactions o.f excited molecules include the 

dissociation into saturated or unsaturated molecule as: 

* AB ~ C + D (20) 

and the reaction with other molecules as: 

* AH +- CD ) Products (21) 

II-1~6 Dosimetrl: 

In the study 0£ radiation chemistry, it is 

necessary to know the energy absorbed by a system. This 

is usually carried out by measuring the dose rate of 

a source with a dosimeter and then the dose ~bsorbed by 

the system can be calculated from the measured dose rate 

as will be descrihed in the later part of this Section. 

II-1 .. 6.1 Method of dosimetry 

Many methods o.f dosimetry hav~ been developed, 



such as calorimetry, ionization methods, cobalt glass, 

and chemical method. The details o:f the methods can be 

obtained in many texts or original papers in radiation 
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chemistry or physics (e.g. ~,8,9_). Since chemical method 

is one o:f the most convenient methods of' dosimetry and 

the one selected for the present work, it will be briefly 

presented here. Besides th~ ab6ve 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, o:f a system with a known radiation yield 

(G value). Then :from the measurement of' the amount o:f 

chemical change in this system, the energy absorbed by 

the system can be calculated. 

MC!-nY ci:-i terias have been suggested t'or a desirable 

dosimetry system. One o:f 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 rarely used in the laboratory work, 

but is becoming important in irradiator design. By 

knowing tJ-:le strent;th of a source in curies (disinteg-ration 

per sec.) and the photon ~nergy {eV per disintegration), 
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the energy (E) omitted by the source can be calculated 

as for example in the case or cobalt-60: 

E (per curie} = J.700 x io10x (l.173+1.JJ2) x io6 

= 9.28) x to16 eV/sec/curie 

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 material interposed between 

the point and the source. The treatment of this radiation 

intensity is analoeus to that of the heat transfer by 

radiation (~,&). 

From the radiation intensity, the absorbed dose 

~t that point can be computed by using the relationship 

(Page 80 of 9): 

rads (22) 

where (µa/e)M is the mass ener~y absorption coe.f.ficient in 

(cm2/gm), I is the radiation intensity at the point in 

(ergs/cm2-sec.}, and tis the time of exposure in seconds. 

II-1.6.2 Comparison or absorbed energies by two systems 

The calculation from source streneth is a direct 

method and will give the doses absorbed by syst~ms of 

interest, whereas the cheMical method is an indirect 
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method and will eive the doses absorbed by the chemical 

dosimeter (e.g. Fricke dosimeter), not the dosesabsorbed 

by the systems or interest {e.g. iodine solution in a 

.reactor). To obtain the ab~orbed dose or a system, it 

is necessary to know the ratio o.f the mass absorption 

coe.f.ficient o-I the system to that o.f the dosimeter. i.e. 

Rsingle e.f fect = 
(pale) dosimeter 

(2J) 

Where the energy absorption is not or a single ef-Iect, 

but other ef.fects such as photoelectric e.f1ect, Compton 

scattering and pair production are occuring at the same 

time, Eq.(23) should be modi-Iied to Bq.(24). 

Rmultiple er.fects= 

[h{J1 I~ ) +c (µ le ) +P (µ I<.')+· · ·] a a a s 

[h(J1 le) +c (µ le) +P{J1 /e) + •• ·Jn 
(24) 

a a a 

-· . - ·-

where h(J.1al('), c (µa/e) and p(J1a/e) are the mass absorption 

coef.ficients contributed by -~hotoelect~ic effect, Compton 

scattering and pair production respectively. The mass 

absorption coe.f.ficients are available -Ior many elements 

and compounds as a .function of' photon energy in the 

lite_rature (10,ll,56,57,58). Some values related to the 

present work are given in Appendix n. For a con~ound 

X Y at a given photon energy, the mass absorption 
rn n 

coef.ficient can be estimated (12) by Eq.(25) 



32 

(25) 

where W is the atomic weight o:f element (X or Y) divided 

by the total molecular weight of' the compound and m, n 

are stochiometric numbers. Eq.(25) can be extended for 

a compound of' more than two elements or for a mixture o:f 

two or more compounds. An illustration o:f this is given 

in Appendix B. 

II-1. 7 Economics oe Radiation 

The economic aspect of the use or radiation is 

orten the main :factor that determines the acceptance o:f 

a process under consideration in the industry. Althou&h 

~xtensive errorts have been expended to apply hiffh energy 

radiation to chemical industry, in general its use is not 

wide-ly applicable because- o:f. the high- cost. per unit o:f -

en~ergy. The energy cost for producing a chemical can be 

estimated by the following equation. 

EC = sc/(0.373 x G x HW) (26) 

where I~C = cost of' energy per e-ram o:f product {$/gm) 

G = G value o"f product 

MW = molecular weight o.f product 

SC = cost of" source energy. {$/kw-hr.) 

Thus, in order to cut down the energy cost o.f ;Jrorlnction, 



either the G value and/or the molecular weight has to be 

extremely large as it is demonstrated in Table 1. 

TABLE 1 

COST ESTIMA'!'ION OF COBALT-60 ENERGY 
FOR DI~FERENT PROCESSES 

Weight 
Process G value M.W. kg/kw-hr ----

Chemical reaction 5 100 186.5x10-J 

Cha.i.n reaction 5,000 100 186.5 

Polymer reaction 5 100,000 186.5 

* Cost of cob al t-60 energy: $ 5. 00/kw-hr. 

* Cost 
~/ke. 

25.00 

0.025 

0.025 

Normally a G value of at least 20,000 is required to 

justify a commercial application to the production of 
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a simple chemical which has low molecular weight. Such a 

large G value can only be achieved in a chain reaction. 

This is the reason why chai~ reactions are necessary for 

the present work. The molecular weit;hts o.f iodomethanes 

are in the ranee of 142 to 39!~. On the other hand, i.f 

the molecular weight is high (such as a polymer), the 

energy cost can be reduced, 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, 

ma.intennnce cost, c<:>st o! energy source. "?or example, 

i:f the processine; plant is linked to an axistin~ 



radiation plant, less capital cost and maintenance cost 

are required than t:or a new isolated radiation plant. 

Another way that could possihly reduce the 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 
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might be the only means to provide a satisf'actory product, 

the process mie:ht worth consider, even though the G value 

and the molecular weig-ht are not very la.rge. Examples _ 

for this are : (l) the crafting of acrylic acid on to 

Telflon surrace by gamma radiation. (2) reactions in 

solid state and (3) crosslinkaee of polymer. 
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II-2 RADIOLYSIS OF PURF~ COMPOUND 

Methane is the simplest organic compound and its 

radiation chemistry is reasonably well understood. Iodine, 

on the other hand is well kn01vn in the field of radiation 

_chemistry as a £ree radical scavenger, or a free radical 

detector-and identifying aGent (lJ). 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 expected to be one of the products 

in the present work, its radiolysis will also be discussed. 

The radiolyses of other expected organic products are not 

available in the literature. 

II-2.1 Radiolysis of Methane 

When a sample of pure methane is subjected to a 

high energy radiation, both ionization and excitation of 

methane happen simultaneously (14,15,16): 

ionization hv CHi~ CH4 
+ hv' + -~ + 

* excitation hv + CH4 ~ cu4 + hv~ 

where v > v' or v" 

In :fact by doing an energy balance comparing the number 

-or ions -formed during radiation with total enere-y deposited, 

one can find that for every ion formed, 0.74 excited 



molecules are produced (see Section J.2.1 of 12). Or if 

the calculation is basnd on 100 eV of' absorbed 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 o:f the 

J6 

radiation but an average value o:f 26.a±o.4 eV was reported 

by Weiss et al. (17). The -forrnation of ions -:from methane 

is found to be consecutive and hence the appearance 

p_otent.ial for the cH4 + ion is less than that -for cn
3 

+ 

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

TABLE 2 

APPEARANCE POTENTIAL AND RELATIVE A?-10UNT 
OF THE IONS FORMBD FROM Mli..'THANE (18) 

Ion CH4 
+ 

CHJ 
+ CH2 

+ CH+ c+ 

Potential ( v) , e. lJ.12 l!~ • 3 9 19.20 22.4 26.2 

Amount (%) so 38.2 7.9 J.O 1.05 

with the relatjve amount of the ions as round in the 

mass spectrum of the products. However, according to 

the ionic decomposition pattern shown in Fie.7 the 

relative distribution of the ions will be CH4+ (65.5%), 

*' The value can he obtained if the average energy 
(w) required to form an ion-pair is known. G=lOO/W. 

;._ 
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CH3+ (24.l~~), c1:2 + (9.9~i), CH+ (o.sr·~) and c+ (neglected), 

(see re~. 29 of 12). 

FIG.7 IONIC DECOMPOSITION PATTBRN O~ METHANE 

Although the relative ionic distributions in both 

cases are different, they aeree with each other in that 

the principal ions in this primary interaction process 

are + + 
CH4 and CHJ • The reactions thus followed will 

mainly involve these two species. ~rom mass spectrosco9ic 

experiments (14 ,20) two ion-r10lecular reactions (Section 

II-l.5.2) are known to occur: 

CH4 + + CH4 ~ CHS++ CHj 

+ + 
CHJ + CHli ~ c2H 5 + H2 

(27) 

(28) 

The rate constants for these reaction are of the order of" 

10-9cc/molecule/sec.(~). The secondary ions (cH
5

+, C2H5+) 

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

:from cu
5 

+ in reaction (27) and mainly c
2

114 and a hydrogen 

atom from c2H
5

+ in reaction (28). Iodine has been used 

to con.firm the f'ormation of the methyl radical ( 19). 

Traces of" ethyl radicals have also-been detected and they 

may arise f"rom neutralization of' a small :fraction o:f the 

+ C2 H5 ions. The fates of the other primary species e.g. 

CH
2

+, CII+ are uncertain, but the iodine scavenger work 

(Section II-2.2) has sucgested that the CH
2

+ may be 

neutralized by an electron to give a CH~ £ree radical. 

The role of excited methane in the radiolysis is 

a subject of considerable doubt and controversy. Magee {16) 

proposed that both photolysis and radiolysis of methane 

proceed mainly by a I'ree radical process and/or by reactions 

o:f excited molecules, than by reactions of" ions. -However, 

the proposBd ionic mechanism ( 14.) discussed ab9ve is ahle 

to accom:1t quan t :i tat i ve_ly for a~l the major products 

detected (20) and hence the excited methane plays no part 

in the - radiolysis (~, Chap.1-1- of Z).. Neverthe_les~, one 

thing in common here is that the free-radicals are formed 

both by clissociation of' excited methane and neutralization 

of' methane ions_ as summarized below: 

M 

* / ~ 
M++ ~n M ( e (or 

J J 
n· 

l + R· 
2 Rj + R4 
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There:fore -free radicals undoubtedly occur as important 

intermediates in thr- methane radiolysis an<l hence they 

are responsihle for the :formation of di:f'rerent final 

products and quantities. 

The £inal product distribution, however, is very 

dLf:ficul t to predict from the distribution o:f the :free 

radicals, becanse the molecules :formed during the process 

may react with the .free radicals or with one another 

resulting in the f'orPmtion of' polymeric products. li'or 

instance, ethylene is helieverl to be one o:f the main 

product but it reacts with hydroeen atom or other radicals 

as soon as it is formed and very little ethylene renains 

af'ter irradiation. Hydrogen is :formed partly :from the 

reaction or hyclroGen atoms and partly from Reaction (28). 

Ethan~ is rormed mainly by dimerization of' methyl radicals 

'l'able J shows the G values o:f the products o:f radiolysis 

TABLE 3 

RADIOLYSIS OF M1~THANE 

G value 
Product Gamma radi-<l.tion \2_1) l .. 7 Me_V electrons (~) 

R2 6.4 5.7 

C2H6 2.1 2.1 

CJHS O.J 0.14 

C2H4 0.1 o.os 

C4HlO 0.2 0.04 

cn4 -9.l -7.6 



of methane. These G values are not largely a.fI'ected by 

some of the phy~ical variables such as temperature, gas 

pressure and radiation intensity (14,.!_2). There£ore, 

the e:ffects of these variables on the radiolysis- of 

methane were not intensively studied in the past. 

II-2.2 Radiolysis o_f Iodine -- Radical Scavenger 

The most direct way of studyin~ free radicals 

is by electrons spin resonance but reliable results can 

also be obtained hy determinine the .final vroducts of 

irradiation, either with or without a radical scavenffer. 

Using a scavenger as a solute in a mixture, the free 

radicals formed from the solvent have the choice of 

reacting with each other or with the solute (scavenger). 

At a su:f:ficiently hieh solute concentration, but less 

than approxinately 10-JM, nearly all o.r the radicals 

_disappear hy react ion wi_t_h solute t_o .form some detecable 

:final products. 'I'hns by determining the amount o_f the 

products, one can ohtain the correspondine- radicals 

.formed by irradiation._ Iodine is demonstrated (lJ) to 

be a ve·ry e:f:ficient radical scavenger for reactions of' 

the type: 

(29) 

This method has been adopted by many workers in studying 

the radiolysis of hydrocarhon 
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The met!10d, however, has di.f:ficulties that need 

to be resolved in order to make the method more reliable. 

One or the dif':ficutties is that the reaction mechanism 

is not always known, and this leads to some uncertainty. 

Another dif'.ficulty is that there is a possibility of' 

charge_ or energy trans:fer f'rom solvent to solute which 

may act as an enerey sink. Extensive work has been done 

on the possibility o.f minimizing this complication. One 

possible solution is to lower the solute concentration. 

Fessenden (22) reported that the yield :for the 'formation 

of alkyl iodide f'!om cyclohexane in deaerated solution 

was independent of iodine concentration f'rom 10-SM to 

Sxl0-3H but was somewhat high•~r at higher concentrations. 

But solute concentration below 10-JH was recommended (2J). 

Althoueh the radiation-induced iodination of' 

methane has a completely different objective 'from the 

objective or the radiolysis of' methane using iodine as 

radical scaven~er (see Section II-J.J) and hence the two 
- -

reactions are expected and hoped to be di:fferent, yet it 

is interesting to study the scavenger work applied-to 

the radiolysis o:f methane in somewhat more detail. 

ExperiP1entally (19), the radiolysis of methane has been 

per:formerl in a 500 cc. spherical :flask having a small 

'window' to reduce ahsorption o:f so.ft radiations or the 

X-rays. The gasP-ous methane plus approximately 10-J 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 

irr~diated .for a period of .time that produces about 50% 

reaction with the iodine. The results are summarized in 

Table 4. Notice that the variations or the pressures 

of the components and the intensity or the radiation 

appear t-0 have no sienificant effept on the relative 

amount of products. 

TABLE 4 

RADIOLYSIS Qif' 1-fE'fHANE US ING IODINE 
AS RADICAL SCAVENGER (19) 

:rtadiation Pressure Pressure Products (Relative Yield ?~) 
of' CH4 of' I 

Source mm Hg mm Ile Me I Et I CH2 I 2 

X-rays 120 .14 74 5 21 
X-rays- -l20 .14 74 5 21 

e 120 .07 71 5 24 
e 120 .14 77 5 18 
e 120 .175 76 5 19 
e - 120 .14 74 4 22 

22 ~ CH1~) . 14 77 6 17 e 18 H2 
e 20 .14 80 4 16 
e 20 .14 77 4 19 
e J34 .14 80 7 lJ 
e 576 .14 77 5 18 

II-2.J Radiolysis of Methyl. Iodide 

In the radiolysi..s of methyl iodide, the fragmenta-

tion is most likely· to happen at the C-I bond rather than 

t '- c II h d (19 25) The re ... sons .for this are that the iie - . on s _ '..:..- • - ~ 



C-I bond is by f'ar the weakest in the molecule and the 

iodine atom has rar more electrons 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 o~ 

100 keV energy but it has been demonstrated {25) that 

the decomposition by gamma radiation produces the same 

relative yields o~ products as that produced by the 

X-rays. 

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 + CIIJT 
. __ ,_, CH

3
I hv < 9o 5 eV 

~ + 9o5<hv<l2.4 eV CHJI + e 

+ I·+ hv > 12 .4 eV ~ CHJ + e 

the appearance potential o:f cn
3

+ ion is 12.4 eV (27) and 

the ionizing potential of methyl iodide is 9.5 eV. The 

* excited CH
3

I of' Eq. (.JO-a) may dissociate into high 

energy 'hot radicals' as: 

CH3I * ~ CHJ• + I· 

~ CH • 2 + HI 

Since many·free electrons are produced in ionization, 

(JO-a) 

(JO-b) 

(JO-c) 

(31-a) 

(31-b) 
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these electrons·may attach themselves to the solvent 

methyl iodide as: 

+ e (J2) 

Thus the charge neutralization reactions :followed will 

be numerous. Some oi the postulated reactions are 

given below .. 

* (JJ) ~ CJIJI + q ~ 9.5 eV 

--;> CH
3

I + CH I 
3 

(J4-a) 

~ CHJCIIJ + I2 (34-b) 

~ cn
3
cn

3 + I· (JS-a) 

~ c:n
3

·+ CIIJI (35-b) 

~ CHJ• + I2 (J6) 

The neutralizatfori nrocesses are highly exothermic so 

that the products may or may not be stable depending 

upon the distrihution of the enerey in the systein. The 

:final product distribution, relative to the yield of 

iodine as unity, was found (25).to be hydrogen (0.067), 

methane (o.47), ethane (0.90), ethylene (0.067), 

acetylene (0.026) and a trace amounts of' methylene iodide 

and ethyl iodide. ThH yields of these products are 

directly proportionar to the total irradiation dose 

given to the sample with very little or no induction 

period be-ing observed. The high yield o.f ethane sueg-ests 

the importance of' ionic processes such as l{eac t ions (J!i.-b) 



and (35-a). '1'he hot methyl radicals, :for example :from 

Eqs(Jl-a), (35-b) and (36) are believed to be responsible 

:f'or the large :fraction o:f methane and methylene iodide 

production. Hydrogen presumably is .forroed directly by 

the dissociation o:f the highly excited molecules and ionic 

species. The association of hydrogen atoms is not likely 

because the lack of strong ef rect o:f iodine (radical 

scavenffer) on the hydro~en yield {Fig.8) indicates the 

hydrogen atoMs are not produced as intermediates. 

The presence or small amounts of iodine produced 

as a result of the decomposition does not apparently 

inhibit the formation o.f products to any appreciable 

extent but· i.f :free iodine is added to the sample be.fore 

·the irradiation, the yields are round to decrease as 

shown in Fig. 8. '"!:'hus the iocline only af'f'ects the 

production to an appreciable extent when it presents at 

a relatively high concentration (0.1-l~ M in iodine). 

Notice that the e:f fect o:f iodine on the production of' 

ethane is much larger than that of' hydrogen. 

Recently, Vilenchich and Hodeins (Jl) reported 

that at dosages between 7.7 x 1016 and 7.5 x 1019 

eV/(gm)(min.), the dncomposition of' methyl iodide in a 

2 ml. glass ampoules was negli~ihle at room temperature. 



15 
'°o 

r-1 

H 
• 

.! 10 

~ 
~ 
~ ; CD 

~ 

0 

~. 

c 
-------;=: c~4 

H -------·- 2 

0 10 20 

Mole % Iodine 

FIG. 8 EFFECT OF ADDED FREE IODilIB ON THE YIELDS OF 

RADIOLYSIS OF CH3I (~)· 

46 



It. 7 

II-3 GAMMA - INITIATl~D HALOGENA1'ION H.EACTIONS 

Gamma-initiated chlorination of aromatic compounds 

(28,29) and methane (12,JO) have been studied with an 

ultimate aim o:f producine 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 

w.ork has been extended to other halogen such as iodine ( Jl) 

in order to achieve a better understanding on this almost 

unexplored area. Obviously the feasibility of producing 

these haloGenated compounds relies on the possibility of 

having chain reactions since low molecular weight 

compounds are contemplated (see Section II-l.7) .. 

It is well known in the elementary chemistry that 

the tendency to undergo radical chain halogenation 

decreases in the order F >Cl> nr > I, because the heat of 

reaction increases from F to I. Fig.9 compares the heats 

of re~ction and activation energies or chlorine, bromine 

and iodine radicals. The attack of chlorine atom on the 

C-H bonds is an exotherndc, low activation ·energy process, 

whereas the attack o~ bromine atom is e11dothermic except 

:for the very weak C-H bonds. ·The heat o.f .formation ~or 

the displacement stP-p with the iodine atom is high; J2.6 

kcal .for methane and 6.o kcal .for toluene. Thus the 
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prospects of ch~in iodination by iodine atoms are 

unpromisin~ (52). 

II-J.l Chlorination o.f Aromatic Compounds 

The chlorination reactions induced by gamma 

radiation are generally considered as extremely .fast and 

G values are as high as io4 to io6 (2,29). In :fact f'or 

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 f'or better control. The other aro111atic compounds 

which have been stmiied a.re .for example toluene and 

chlorobenzene with the use of' gamma radiation from 

1-kilocurie and lO-kilocurie cohalt-60 sources. The G 

values reported are about 85,000 I'or chlorination o.f 

benzene and 14,000 to 18,000 for chlorination of' 

toluene (28,29). 

The chlorination o.f toluene occurs hath by addition 

to the rine and substitution in the side chain. It was 

found (29) that the initial rate o~f the reaction was 

proportional to the radiation intensity and the chlorine 

concentration as follows: 

Impurities such as oxyeen and benzyl chloride are 



50 

added to the system for investigatina the effect of 

impurity. For the case of oxyeen, when about 1. 7~b 

oxygen is added to the chlorine, the rates o:f addition and 

substitution are decre.ased to ahout one :fi:fth and one 

twelfth respectively of the value obtained without the 

oxye;en. This strong oxygen inhibition is presumably 

caused by the :following reaction: 

(14) 

which is reported in many radiation-induced reactions (2). 

For the case or benzyl 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 meth~te was investigated 

recently {JO). The results showed that radio-chlorination 

process followed different mecl1anisms and/or has dir:ferent 

rate constants from the nho~o-chlorination process, even 

though both processes produced the same products. A 

reaction scheme for the radio-chlorination has been 

proposed (32,JJ) as follows: 

Chain steps: 

C1 2~ 2Cl• 

c1·+ H.H ( > H.. + HCl 

R•+ C1 2 < > HCl + Cl• 

(37) 

(38) 

(39) 
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Overall: 

CH4 + ~c1 2 ~ CHJCl + HCl (40) 

?HJCl + Cl2 ~ CH
2

Cl
2

+ HCl (41) 

CH2cl2 + C1 2 ~ CHC1
3

+ HCl (42) 

CHClJ+ 012 ~ CC14 + HCl (43) 

Above 500°c: 

CH4 + 2Cl ~ c + 4Hcl + heat ( 41 ... ) 

Thus the ~our chlorinated methanes are expected in yields 

depending upon the experimental conditions. The experimental 

parameters studied together with the parameter ranges are 

given below (30). 

Initial gas pressure (mm Hg) 

Initial eas cone.· (-mole ~,~ c1
2

) 

Initial gas temperature ( 0 c) 

Absorbed dose {eV/gm) 

100-10,000 

10-95 

30-120 

17 19 5.0xlO -2.0xlO 

The reaction was carried out in gas-phase in a batch 

reactor of' approximately 50 ml. capacity. With gamma 

radiation from a 5300-curie cobalt-60 source, the G 

values were reported to be as high as 7.2xto5 . 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 

conversion proceeds the methyl chloride concentration 

decreases "while the concentrations or the other products 
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FIG.10 CHLORO-~f~TIIAN~S PRODUCT DISTHIBUTION 
(INITIAL GAS COMPOSI'l'ION: 50. MOLE ~{, Cl2 ) (JO) 

are building up. In -general, at a given temperature and 

dose rate, the lower the initial chlorine concentration, 

the more :favoured is the production o:f lower chloromethane. 

For instance, maximum production o.f methyl chloride occurs 

at about 30 mole ~,~ c1
2

, at about 60~~ for methylene 

chloride, at ahout 70~~ :for chloro.form and at about 90~·b 

for carbon tetrachloride. Also the chlorine utilization 

was :found to be complete .for gas bends o:f less than 30 

mole ~h c1
2

• Above 30 mole ~~ Cl2 , the averae-e chlorine 

conversion was 98.6%. 

The throughput, at 1000 mm .. Ifg pres_sure is too 

low and the enerey utilization is too high for this 

process to be comnercially attractive and so hieh 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" io6 .. However, at high temperature, 

with this hiehly exothermic reaction as discussed berore, 

large excess of heat will be generated in the system. 

The side reaction, :f~q. (ll-4) might proceed under such 

c irc1tms tances. In f'act reaction {ll-!i) was reported (JO). 

Thus proper heat exchanRers have to be included to the 

reactor to remove the excess heat. 

II-J.J Iodination neactions 

As· shown in Eq.(37) to Eq.(39), the chlorine atom 

·formed by dissociation abstracts ·hydrogen atom :from 

hydrocarbon molecule, giving hydro~en chloride. However, 

in the case of iodine as mflntioned before and shown in 

Fig.9, the iodine atom cannot do this been.use the 

reaction would be highly endothermic. Instead the iodine 

atom will react with other radicals or with each other. 

I£ the iodine atom is attacking other ~ree radicals and 

forming 'dea<l' specif'?s, the iodine will act as a radical 

scavenger and this is in fact precisely the .function of' 

iodine in much radiation chemistry work the detection 

and determination of free radicals forNed in the systems 
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(see Section II-2.2). It should be noted, however, that 

in the radical scaveneer work the iodine is present in a 

very low concentration (less than 10-3 M) and this presence 

of iodine, at a rirst approximation, is neelected in the 

primary processes and no iodine radical is :formed (19). 

Radicals o.f the hydrocarbon are assumed to :form through 

reactions in the primary processes such as the one shown 

in Section II-2.l, page 38, or summarized as: 

(4 5) 

These free radicals mieht then attack the iodine as Eq.(46) 

in the secondary reaction processes. Other possihle 

secondary reactions or the radicals are suggested as shbwn 

in Eqs. ( 4 7) and ( '~ 8). 

R • + 
1 I2 ~ R1 I + r (46) 

R • + 
1 

R • 
2 
~ H.1R2 (4 7) 

R •+ 1 R3H ~ R v i 1.1 + H. • 
J 

(48) 

Reaction (47) is very small in comparison to (46) or {48) 

when the radical concentration is small at moderate 

reaction rates. neaction (48) has an higher activation 

energy (10-15 kcal.) than that o:f Heaction (46), probably 

about 1 kcal. 'l'hus Eq. (46) seems to be the predominating 

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 bet-ween iodine and various hydrocarbons were 

concentrated in the low iodine concentration region with 

~he purpose of usinff 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 iodine concentrations 

in paraffins and their derivatives at about 10-J to l0-4M, 

the G values for the iodin0 consumed fell in the range of 

206 to 4.5. F'or aromatic hydrocarbons at the similar 

iodine concentration range, the G(-r2) varied from O.J to 

1.4 9. In Weber's work, X-radiation was used and sample of 

liquid hydrocarbon (lOml.) containing the desirable 

concentration of iodine was sealed in an irradiation cell 

after degassing by repeated freezing and pumpine. 

'rhus, at this st:aee of the discussion, it seems 

hopeless to expect that the radio-iodination of methane 

is of any commercial value because the G value is goine 

to be very low. However, recently Vilenchich and Hodgins (Jl) 

reported that the e,-as-phase e-amma initl.ated iodination o:f 

methane yielded G values as high as 7xlo7• Such 

surprisinely high yield was believed to be the result of 

autocatalytic effect of iodine which had also been 

reported in the iodine exchange reactions between 
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4-iodoantipyrene and iodine in carbon disulphide, benzene 

and aliphatic alcohols (J6). This gas-phase reaction 

was carried out in a stainless steel reactor of JOO ml. 

capacity. In preparing an experimental sample, the 

-6 reactor was rirst evacuated to 10 mm. or mercury. 

Iodine in ether solution was then introduced into the 

evacuated reactor by a syringe. Methane was then added 

to an appropriate pressure. 

The experimental parameters studied and their 

values are as rollows (Jl): 

Initial ~ressure (atm.) 

Initial vapor conc.(mole % I 2 ) 

Temperature ( 0 c) 

Dose rate {ev/eru-min.) 

Absorbed dose (eV/gm) 

Irradiation time (min.) 

1-2 

10-90 

80-230 

7.7x10
16

-7.5x101 9 

6 17 21 4. xlO -5.7x10 

2-76 

The identified products in the reaction were methyl iodide, 

methylene iodide, iodoform, ethyl iottide and hydrogen 

iodide, No carbon tetraiodide had been detected. The 

extremely high G values obtained indicate that a long 

chain reaction must have taken place. ~ea6tion scheme 

such as Eq.(45) followed by ~q.(46) will not be possible 

to provide those large <1 values ·because these two 
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reactions are of radical scaveneing nature and G values 

will never be larger than 10. Thus, instead the reaction 

scheme could :follow that proposed for tl~ chlorination 

reaction, :r;q. (37) to l~q. ('~J). Accordinely the :following 

iodination reactions were proposed (Jl): 

Chain steps: 

I
2 
~ 2I. 

I • + HH < > R • + HI 

R • + I
2 

< > RI + I• 

Overall: 

CH4 + Iry ~ CHJI + HI 
~ 

cn
3

r+ I2 ~ CH2 I 2 + HI 

CH2 I 2 + I2 --> CHI,..+ 
.) 

HI 

(49) 

(50) 

(51) 

(52) 

(53) 

( 54) 

(55) 

However, it shonld be noted that T1~q. (50) is thermodyna-

mically not :favourahle because it is an endothermic 

reaction. Reaction (55) was believed to he catalysed by 

the :ferric iodide which was :f0rmed on the inner wall of 

the reactor over a long period of use. 

'fhe thermal reaction between equimolar quantities 

of methan~ and iodine at 126°c for 8 hours and at 16o0 c 



for 48 hours wns not observed. Theref'ore no reaction 

would be possible unless gamma radiation was used. Also 

it was reported that within the experimental ran~e, the 

reactant concentration had relatively little effect on 

the yields of' methyl iodide {except f'or 130°c runs), 

methylene iodide and iodof'orm. ~r'he temperature, dose 

rate and total absorhed dose were found to be the most 

important interacting variables. Experimentally, the 

optimal conditions f'or the :formations of' methyl iodide 

0 a.nd methylene iodide were at lJO C, an initial iodine 

16 
concentration of 7 mole %, a dose rate of 7.7xlO eV/gm 

min. and a total dose of' 12JJ rads. Yields or CHJI and 

CH
2

I
2 

at these conditions were 60 weight ~:;), G = 7x107 

and 17 weitht %, G = l.47x10
8 

respectively. 
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An interesting experimental phenomenon observed 

during the experiment is that the reactor pressur~ in 

some casns build up suddenly and then drop back to normal 

pressure. Since there is no change in the total number 

ot: molecule accordinG" to Eq. (52) to Eq. (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 valttes o.f the 

heat of reaction for Eqs.(52) and (53) at 25°c are 

estimated :from the standard heats o.f .formation (:\7) to 

be 14.109-kcal/g-mole and 2.J2 kcal/e-mole respectively. 



The positive values of heat of reaction indicate that 

both reactions (.52) and (53) are endothermic reactions. 

The heat o.f reaction I'or ~q.(.52) at 130° has also been 

estimated usine; the standard eqnation (38) such as: 

.o. H
0

130= .o.H
0

25 + [ L d (nc )- ~ t (nc )] ( 130-2.5) pro • p rec • p 
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The molal heat capacities of HI, I
2 

and Cl~ are available 

in the literature (J9). F'or CH
3
I, the molal heat capacity 

is rouehly estimated by Kopp's rule (page lJO of' J8). 

·The value of .6.H0

130 
is estimated to be ll}.562 kcal/g-mole, 

which again shows that reaction (52) is endothermic. Thus 

the sue-gestion of' sudden increase of temperature in the 

reactor in order to account .for the sudden increase of 

reactor pressure· is not satis.factory unless the reactions 

do not :follow the proposed reaction scheme, Eq. (l~9) to 

Eq.(55). 

This phenomenon has not yet been explained 

successfully by the authors (Jl). Although it is only 

a small experimental observation, it could be a clue to 

the unexpectedly hi[;h G vaiues obtained in the experiments. 

Obviously, what the gamma radiation has done on the 

interraediate state of the iodination process has to be 

:further elucidated. 



III EXPERIMENTAL 

III-1 INTRODUCTION 

With the ultimate (original) objective {see 

Section I) in mind, a flow system was designed for 

ca.rrlng out the gamma-initiated iodination in liquid 

phase. The reasons for this decision are: (1) a flow 

system is more practical for any commercial scale 

reaction and (2) the gas phase iodination requires 

larger reactor and hence larger and more expensive gamma 

radiation source. 

Appendix D gives a detailed discussion of the 

design of a flow system. For the present work, the 

design is basically sirrdlar to the one used by Harmer 

et al. (l~0,41) iri the now Chemical's ethyl bromide 

process and by Harmer et al. (28,29) in their chlorination 

work. It involves a continuous bubbling or methane 

through a column of' iodine solution. The iodine solution 

can either be fed into the reactor continupusly or only 

at the beginning of the experiment in a semi-batch process. 

Almost all the present experimental work was perrormed in 

a semi-hatch process because of its simplicity and other 

reasons wlli.eh will he presented later .. 
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Although there i.s an ultimate (orir;inal) objective 

to be studied, an immediate o·bjective arose during the 

course o:f the study has to be first solved. This immediate 

objective is to get the reaction to proceed at a reasonable 

rate in the liquid phase (see Section III-5). In :fact, 

this thesis is focussints on this immediate objective. 

Thus the areas o.f experimentation, as p.resented in Section 

III-5, were desi~ned to handle this imme~iate objective. 

The chemicals used in this study were o:f reason

ably pure grade and no ~urther purificat~on was d-0ne on 

them. The specifications ror these chemicals are given 

in Section TII-2. 

Because of the very corrosive nature of iodine 

and the degradine nature of gamma radiation, all parts 

o.f apparatus in contact with iodine and radiation_ were 

made or glass (Pyrex}. The details will be given in 

Section III-J and Appenrtix n. 

Product analysis was carried out with a gas 

chromatograph. Liquid sam[>les :from cold trap, reactor 

and eas-1.iquid separator were injected into the column 

o:f the chrorriatog-raph via a micro syringe. In this 

preliMinary exploratory work, only the liqriid sample 

which contained practically all the carhon containing 

products wns of interest and thns the gaseous product 

stream mainly consisting of unrencted methane, h.ydroe-en 

iodide was not analysed. 



III-2 CH};MICALS 

A large number of chemicals was involved in this 

work. Some of their important physical constants that 

will be referred to are tabulated in Appendix F. These 

chemicals can generally be classi:fied into :five eroups 

for purposes as follows: 

(A) Reactants 

The two reactants used in this work were methane 

and iodine. Roth reactants were purchased in 1968 and 

used by Vilenchich (31) for gas-phase iodination reaction. 

Methane - Certi.fied grade (C.P. grade) methane supplied 

by the Matheson Company, Whitby, Ontario was used. The 

minimum purity is 99 mole %. A typical ana1ysis of C.P. 

grade methane is as I'ollows: 

Component 

Methane 
Ethane 
Carbon dioxide 
Nitroeen 
Propane 
Oxyeen 

Hole ~ ---
99.1 
0.12 
0.2 
o.6 
0.03 
0.005 

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 (12). 

Its use wns therefore continued in this work. 



Iodine - Rear,-ent grade, resublimed iodine, supplied by 

Shawinir;an, the McArthur Chemical Co. I.,td., !'-Jontreal. 

The maximum impurities-are: 

Non-volatile 
Chlorine & Bromine (as Cl) 

0. Ol~fo 
0. 005~4, 

(B) Solvents 

A total of eleven solvents were used including 

the prQducts methyl iodide and methylene iodide. 'l'he 

specifications or methyl and methylene iodides will be 

given next under the headline of products and the 

remaining nine solvents are summarized as follows: 

Solvent 

Benzene 
{Thiophene f'ree) 

Carbon tetrachloride 
(low sul.fur) 

~~thyl iodide 

n-Hexane 

Methanol 
(:Methyl hydrate) 

Tetrachloroethytene 
{stablized with 

Thymnl) 

Toluene 

l, 2 ,l~-"t'richloro
benzene 

Trichloroethylene 

Grade 

Certi~ied 

(spectranalyzed) 

Analytical 
Reagent 

Reagent 

Reagent 

Reagent 

Spectro 

AnaJ.ytical 
Reagent 

neaf;ent 

Supplier 

Fisher Sc. Co. N.J. 

Mallinckrodt Chem. 
Works Ltd.1fontreal 

The British Drug 
House Ltd. 

Fisher Sc. Co. N.J. 

The McArthur Chem. 
Co. Ltd. ,Montreal 

Eastman Organic 
Chemi.cals, N.Y. 

Mallinckrodt CheM. 
Works Ltd. ,Montreal 

r;astern Chem.Corp. 
N • J • 

Allied Chem. N.J. 



(c) Products 

Three carbon containing products were purchased 

for the purpose of analysis re:ferences and gas chromato-

graph calibration. They are: 

Chemical 

Methyl iodide 
(stabilized with 

metal co9per) 

Me t·hyl ene iodide 
(stabilized with 

metal copper) 

Iodoform 

(D) Fricke dosirnAtr~ 

Grade Supplier 

~ishcr Certified 
(not less than Fisher Sc. Co. 

99. 5~~) 

Purified Fisher Sc. Co. 

H.eat;ent The Dritish Drue 
House Ltd. 
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Chemicals involv~d here were all analytical reagent 

grad.e. '1'hey can be subdi viderl into four groups :for :four 

purposes as :follows: 

(1) Dose rate vs. ahsorbance c~libration curve. 
Chemicals: l!'erric sulphate (crystal), 

sulphuric acid. 

(2) Determination o:f ~erric concentration by titration. 
Chemical : Potasimr. permanganate. 

(J) StanclF)rdization of potasium permane;anate solution. 
Chemicals: Iron wire, h.ydrochlor ic acid, · 

Stannous chloride, m~rcuric chlor~de 
manganese sulphate, sulphuric acid, 
phosphoric acid. 

(4) Dosimetric solution 
Chemicals: ~'errous arnmonimn sulphate, 

sodium chloridP., sulr:>Jmric acid, 
oxye-en, tri. p1.y distilled water. 



(E) Chromato 1~raphic colrn-rins 

1'.'he coated colur:m packine that was used success

:fully in the present work was chromosorh W, AW-DMCS 

"treated with 10% silicone gum rubber SE.JO, 60/80 

mesh size, supplied hy the Chromatographic Special ties., 

Brockville, Ontario. 



III-3 APPARATUS 

The flow sheets of both flow and semi-batch 

processes are shown in Fig.11 and }"'ie;.12 respectively. 

The dimensions and discussion or the design of th~ 

equipments are detailed ~n Appendix D. In the .flow 
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process both methane and iodine solution are continuously 

fed into an overrlow reactor. - Howe~er, if the iodine 

solution :feed line is removed .from F'ie;.11, the continuous 

flow process becomes a semi-batch process. For convenience, 

this semi-batch process i~ rerer~ed to as an over:flow 

semi-batch process. In this process, the methane vapor-

ized and carried away part o:f the iodine solution from 

the reactor so that the solution level in the reactor 

could not be maintained unless the iodine solution was 

feeding in continuously as the flow process. Eence the 

contact time hetween a methane bubble and the surrounding 

medium would be. reduceC: as the level was dropping. Thus 

the overflow process was modi:fied as shown in M'ig.12. 

A Pyrex condenser with coiled condensing tube cooled by 

ice water and located on top o.f reactor was actinc; as a 

re.flux condenser. Under this condition, only the unreacted 

me thane, and the uncondensible vapors at abo'ltt 4 °c, such 

as iodine, solvent and products contd escape .from the 

reactor. This sma 1.1 quantity of' escapAd vapors, did not 
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change the solution level appreciably. This process is 

called as a reflux semi-batch nrocess to distinguish it 

from the overflow semi-batch process. 

Generally, the apparatus can be divided into 

three sections, namely the feed rate controlling system, 

the reactor and the products collecting system. 

III-J.l ~eed Rate Controlling System 

This part of the apparatus was built outside of' 

the hot cell so that it enabled the operator to control 

the system without being exposed to the radiation inside 

the hot ce 11. As shown in Ji''ig. l l the methane from a e-as 

cylinder WC\S con.trollr~d and r.1etered hy a needle valve 

(a) and a calihrated rotameter (~). Since the methane 

had to f'orce its way throuG'h about 4 inches o.f solution 

in the reactor {see 'T<'ig.D-4 in Appendix D), a pressure 

o:f J psig (see Appendix E) was maintained by a pressure 

regulator (C) down stream o:f the rotameter in order to 

avoid fluctuation of the rotameter f·loats. The reactor 

pressure was indiGatect. by a pressure gauge· (B) which 

normally should read zero psig. 

The iodine solution from a reservoir (D) was 

drained throuF,h a three-way valve into bnrets t and 2 

alternatively. 'A nitrogen pressure of 10-15 psie 

was usPd to f'orci"~ the solution into the rotam(~ter and 



the f'lowrate was then controlled by a i{upro llellows type 

4BG morel valve. The rotameter f'or 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 dednction 

of the solution hold up in the line (62.0 ml.). ~he 

rotameter was therefore merely acting as an indicator 

for constant feed rate. 

A third rotar1eter had also been set up to meter 

and control the flow rate of the rncycle stream, but 

was not used in this preliminary work. 

All rotarneters were purchased from the Brooks 

Instrument Co., Ontario. The speci:fications are given 

in Appendix E toeether with the methane ~tow rate 

calihration curve. 

The transportin~ tubings as shown in Fie-.11 were 

unavoidably long and therefore the only way to decrease 

the liquid hold up in the tubings was to reduce. the tube 

diameter. 1.'hus a 2 mm. ID capillary had been used .for a 

f"ast-trans:!Jortation o:f the products and the unreacted 

reactants from ttie reactor to the separator in order to 

avoid any further reaction inside the tubi.ng. 
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III-3.2 He actor 

Two kinds of reactor were used :for the experiment, 

referred to as over.flow reactor and reflux reactor as 

shown in !<'ie;.D-l-1- in Appendix u. Both reactors could he 

classi:fied as conventional back.mix reactors. The mixing 

in the reactors was carried out by the bubhling methane 

and with a srr1all volume (23 ml.) of solution inside the 

r~actor, a normal methane .flow rate of 20 ml./min. 

provided vigorous mixine-. 

The reactor consisted or a 10 in.x t in. Ill Pyrex 

tube surrounded by a 10} in.x it in. OD Pyrex water jacket. 

The reaction zone is only 4.5 in. deep located at the 

lower part o:f the inner tube. '!'he maximum solntion 

capacity o:f the overflow reactor was 28 ml. so that normally 

it was chnrged with 25 ml. o:f iodine solution. ?or the 

reflux reactor a vol11me of" 35 ml. was normally used. 

'\."he solution in this rer,-ion was levelled in such a position 

that loneitudinal uni.~ormity of' dose rate could he obtained 

(see Appendix C). Although water in the jacket :fell between 

the reactor and the cobatt-60 source, it was .found that 

the reduction of' radiation hy the water layer was negle-

ctable. !-Jeverth~less, dosimetry was per:formed with the 

water running throuR"h the jacket. 

Two cop:per-constantan ther111ocouples wHre used 

to measure the temperatures inside the reactor and the 
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water jacket. ri:'he temperatures were rHcorcled contin11ously 

on a calibrated Honeywell ~mperature recorder. The tem

perature in the water bath was controlled by a Haake 

temperature regulator and the reactor and water jacket 

temperatures were maintained within ! t 0 c. When the 

reactor temperature was below tho boiling point o.f the 

solution, the reactor and jacket temperatures coincided. 

When the reaction was carried out at boiline temperature, 

the water jacket ternperature was kept at about li 
0 c 

hie;her than the tem~erature inside the reactor. The 

condenser on top of the reflux reactor was maintained at 

constant temperature hy circulating ice water throngh 

the condenser. 'Those sections of transporting tubines, 

inside the hot cell were shielded from gamma radiation 

by t inch lead sheet. 

In order to hegin irradiation, the source was 

opened on a longitudinal hinge by a pair of slave 

manipulators, and positioned coaxially ahout the reactor. 

'rhe positioning stand :for the reactor and source is 

il 1 ustra ted in "F' it;. c-14- (Appendix C). Its I'unction was 

to ensure that the reactor and the source were a1wa.ys in 

the same geometric relationship. 

III-J.J Products Collectinp; System 

As -the methane was hubb.1.ine; throue;h the solution, 



it removed the solution (both iodine and solvent) frrrn1 

the ·reactor throuf,'h vaporization. '1'hus a collecting 

system -:far· this· solution .. was needed. 

~he ori~inal desi~n of the products collecting 

system as shown in Vie-.n-S(h), Appendix D was a gas

liquid separator with an ice water condenser on top of 

7'J 

it. Such arranr;ement would collect all' liquid :from the 

reactor. Since the three expected organic products are 

either li~1id or solid at room temperature, by the time 

t.he products arrived at the separator, they would condense 

as liquid. In passing throu&h the condenser, very little 

product would be le.ft in the gaseous stream which would 

be mainly the unreacted methane and hydrogen iodide. The 

liquid products collected in the separator were then 

withdrawn :from the bottom. Part of" it was used in the 

gas chromato~raph analysis and most o~ it recycled back 

to the reactor either untreated, or through a product 

separator step. (crystallization or distillntion). 

li'or tli.e ))resent 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 the separator 

was renlaced by a dry ice-acetone cold trap as shown in 

Fig.11. ~his system was used for the overflow semi-batch 

process, hut for the reflux semi-batch process, only the 



cold trap was used as shown in Fie.12. ~he n~thane 

together with the uncon<lensed vapors (if any) escaping 

the cold trap passed through either a soap bubble meter 

or a Pyrex gas sampling bottle v.nd a gas sampline; bomb. 

1'he soap huhhle P'leter indicated th~ :flowrate and the 

Pyrex sampling hottle was used to collect samples :for 

vapor density measurements. The gas sampling bomb was 

used to col le ct eas sample for gas chromatograph 

analysis. Howevert in this preliminary work, emphasis 

was placed on the carbon-containing products which should 

be of' a neglectal-)le quantity in the gaseous strear11 after 

the cold tre1.p. ThArefore no gas sample was taken and 

:for the same reason this section of the apparatus dict 

not appear in ~ig.tt and ~ig.12. 



III-4 EXPEHI~lliNT AL PR OCED UJlE 

The experime~~al work was mainly carried out in 

the semi-batch process, with only a rew continuous :flow 

experiments per-formed. The three main steps involved in 

the procedure were (1) the reactant preparation, (2) 

the irradiation and ( J) the product analysis. 

III-!~. 1 Reactant Preparntio~ 

The iodine solution was prepared by dissolving 

a known quantity of' iodine in a solvent in a volumetric 

:flask. Hecause any impurity mi~ht act as a reaction 

inhihi tor, all. the gla.ss1v-are used in the experiment was 

thoroughly cleaned with chromic acid, distilled water 

and oven dried. A high vacnum s:llicon grease produced 
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by Dow Corning, U.S.A. was used .for all ground joints. 

All tuhings leading the reactants to the reactor were 

kept away :from dust and pureed '\Ii th nitrogen or methane 

be.fore attachment to the reactor. 't'he tubes were cleaned 

and dried between runs. 

III-4 .2 Irradiation 

A measured quantity of iodine solution was 

introduced into the reactor. ~he heating water was then 

circulated through the systemldth the temperature 



indicated on the recordf.:r. When a constant reactor 

temperature Wa:-3 achieved, the methane was switched to 

the reactor .for 5 to 15 minutes in order to displace any 

dissolved gases (mainly oxygen). The cobalt-60 source 

was then positioned as described in Section III-J.2 

and the timer was started. The irrndiation normally 

lasted from one to rour hours. 
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When the irradiation was completed, the source 

was lowered into the well. TlIB total time bken in bring-

ing up the source in i">osi tion and then lowering it 

hack to the well was l. 5 to 2 minutes. '!'he stna.ll 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. ~he 

absorbed dose by the system was calculated as described 

in Section II-1.6 and illustrated in Appendix n. No 

correction being made f'or the decay of' the source strength 

as explained in Appendix n. 

III-li.. 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 I_)repared 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 (42). The complexity 

of' the resolution technique suggested that other analy

tical methods should be considered. 
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The method o.f product analysis chosen ~or this 

work was gas chromatography. 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 µl capacity. 

III-4.J.l Sample for gas chromatographic analysis 

Only the liquid product stream which contained 

practically all the iodomethanes was analysed in this 

primary investigation. 

"'A"or the continuous flow process, liquid :from 

the reactor was collected in the gas-liquid separator· 

and a sample was withdra~t and analysed every hal:f hour. 

The vapor condensate from the cold trap wa~·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 
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performed only at the end of the experimental run. ~or 

the overflow semi-batch process, samples were taken erom 

three places -. separator, cold trap and reactor. For 

the re:flux st~mi--batch process, samples were taken only 

from cold trap and reactor. 

'!'he quantity of liquid collected in trap or 

separator depended upon the operating temperature, time, 

gas bubbling rate and thf~ vol at ili ty o~ the sol vent used. 

Generally very little liquid (0 to 2 grams) was collected 

in the cold trap espncially in the reflux semi-batch 

process where the condenser would brine most or the vapor 

back to the reactor. The amount o:f liquid collected in 

the separator varied quite largely, f'rom .few grams to 

nearly the total weieht of solution introduced into the 

reactor. This extreme of complete vaporization o:f the 

solution from the reactor happened when the operating 

temperature was close to the boiling point of the solvent. 

However, 
0 

i~ the temperature was kept 20 to JO C lower 

than the solvent boiling point temperature for a reasonable 

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

* From vapor pressure data or pure CCl4 at about 
56°c (b.p.=76.s 0 c) and assuming the 20 ml/min. I'lowrate 
o.f CHy. is saturated with the vapo1:, about. 7 gm. of' CC11_., 
will be vanorized in 2 hours. This constitutes about 
17°/o the orleinal reFtctor solution. 



79 

in the reactor would be vaporized and about J to 7 gm. of 

liquid was collected in the separator. 

Quantitative studies (see Section III-5) were 

made on a few experimental runs where carbon tetrachloride 

was used as solvent because they were considered to be 

the 'best' results obtained in the present work. Thus in 

those cases, all the liquid samples were weighed. These 

weights coupled with the gas chroma.toe-raphic analysis 

would provide the data for con~uting the conversion and 

yields of the reaction, the radiation yields (G values) 

and ror making a material balance of the system. A 

sample calculation is given in Appendix H. 

III-4.J.2 Column a.nd chromato{';'raphic operating conditions 

The liquid product stream was expected to consist 

of methyl iodide, methylene iodide, iodororm, iodine and 

solvent. A study 0£ the literature did not reveal any 

column which had been successfully used to separate all 

these compounds except in one case (!:.2.) where a collnnn 

was suggested generally :for many iodide compounds. It 

was a 9 meter column packed with 30% TCEP (1,2,J, tris-

(cyanoethoxy)-propane) absorbed on some kind or supporter 

which was not given, A supporter called chromosorb W, 

AW-DMCS 1 80/100 mesh was used with the TCEP nnd the 

column was tested with the three iodomothancs. No 



80 

separation was obsArved although by chaneine the chroma-

tograph operating conditions, separation might be 

possible. However, this was not carried out because a 

new column was f'ound which was eenerally eood f'or compounds 

of' large di:f.ference in boilin_g point. Since the three 

expected iodomethanes have laree boilin~ point di:frerences, 

they \\"ere t~sted on the new column and the separation 

was good. The new column packing was 60/80 rnesh chromosorb 

W, treated with 10~ silicone emn rubber, SEJO. When iodine 

and solvent (such as carbon tetrachloride) was injected 

together with the three iodmiiethanHs, the separation lvas 

not as good, hut with a loneer column (15 :ft.x 1/8 in. on 

stainless steel tuhe) and a new set of" chromatographic 

operating conditions, the separation was clean as shown 

in Fig.lJ. Notice that iodo:form·which was not detected 

in the present work was 'added' to ~ie.lJ in order to 

show· the complete sp~ctrurn ot the clITomatograph. The 

:final operatint; conditions are summarized a.s :follows: 

Column 

Carrier gas flowrate 

Detector temperature 

Detector current 

Inject p~ort temp. 

10% silicone gum rubber on 
chromosorb W {15 ft.x 1/8 in. 
OD stainless steel tube) 

Helium at 40 ml/min. 

280°c 

150 ma. 

27.5°C 
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Sample size 4-8 ;ll 

Column temperature 0 * 0 90 C then 200 C 

Normal analysis time 6 to 10 minutes per injection 

When the solvent involved had charac~eristics that made 

it difficult to separate from the other components at 

the usual operatine conditions, other operating conditions 

had to be employed, such as chaneing the initial. column 

temperature, and manual proeraMming o~ the temperature. 

III-!~. 3. 3 Instrument calibration 

The thermal conductivity detector response to 

each component was determined by calibration (41~ ,45). --
A mixture of all the components expected in the concen-

tration regions found in the experiments was injected. 

The chromator;raph peak area of"' each component was estimated 

by multiplying the ~eak height by the peak width at half 

height. Then by assigning a response ractor of 1 to the 

solvent, the relative response factors of methyl iodide, 

methylene iodide and iodine could be calculated. The 

method or calibration is detailed in Appendix G. Since 

carbon tetrachloride was the most interesting solvent 

* For a di.ff'erent solvent, the initial temperature 
varied from 70 to lJ0°c. But normally the initial 
temperature was 90°c anrl remained constant until the solvent_ 
completely eluted, at which time the temperature was 
increased manually to 200°c. 
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in the present work, the relative response of' the instru

ment was calibrated with cc14 as solvent. For other 

solvents no calibration was carried out. 

III-4. 3 .1~ Chemical anRlysis of' iodine 

Chemical titration methods or determining the 

iodine concentration had been investigated at the early 

state o.f the experiment becru1se iodine was not recommended 

:for gas chromator;raphic analysis (l~6). The reasons :for 

this are: (1) Iodine has a high boiling point and 

there.fore it tends to condense .for example in the detector 

cell ir the detector temperature is not.high enouch. 

But the higher the detector temperature, the lower will 

be the de_tector current (i.e. lower sensitivity). {2) At 

high column temperature, iodine being chemically active 

might undergo decomnosition or react w.ith the column 

packing. (3) The very corrosive nature of' the iodine 

suggests that any part o:r the instrument in contact with 

iodine should be at least made of stainless steel or 

even better with elass. 

Thus the iorline had to he remov~d rrom the sanple 

hefore it was injectP,d into the gas chromatograph. At 

the same time the conct.~ntration of' the unreacted iodine 

had to be dP.tcrnined in order to makfl the material balance 

of' the system possible. Both colorimBtry and chemical 
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titration were considered but the latter was studied more 

care:fully and adopted. 

The chemical titration method involved the 

titration by a standard solution of' sodium thiosulphate 

(Chap • 15 of" 4 7 } • However, both aqueous and organic phases 

existed in a same system and mixing or the two layers 

was found to be very important. The so called back 

titration method had also been tried. In this back 

titration method, an excess of' sodium thi.osulphate was 

added to the sample and the excess was then determined 

by titratinff with potasium dichromate. Althoueh the back 

titration method seemed to provide a better result, it 

involved too much tedious titration work. Moreover it 

was later discovered that the iodine _could be analyzed 

by gas chromatography with the sa~e column packing without 

trouble. 
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III-5 ARRAS OF EXPJ~RIMl~N!."ATION 

The experimentation in this study was originally 

designed to evaluate the iodination reaction in a 

continuous rlow, liquid phase process, as contrasted 

with the earlier work on the gas phase iodination in a 

batch reactor (Jl). However, the :first :1'.ew preliminary 

runs indicated that the liquid phase reaction proceeded 

with VPry low conversions. This was surprising in view 

of' the VHry high G values obtained in the gas phase 

reaction. '!'he problem then became, "Under what conditions 

can this reaction he marle to go ? If . ' rather than "What are 

the optimal conditions for this proce.ss?" In the lieht 

or this new question, it is pre.ferable to use the semi-

batch technique for the -feasibility studies. When a 

reasona.bly high conversion has been achieved in this 

semi-batch process, the knowledee eained would then be 

applied to the attempted conversion in the continuous 

f"low process. 

Thus the experiMents here are in the nature of 

exploratory work, with the aim or finding a good solvent 

medium and a set or operating paramnters sucl1 as teMper-

ature, irradi.ation time, iodine concentration in solution 

and methane flow rate. Sinca 'rnost o.f 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 prod\1ced and their relative concen-

trations were approximately expressed as the percentage or 

total gas chromatoeraph peak area. The semi-quantitative 

data were good enough to provide a basis o~ choice of 

solvent and operatin~ conditions. Nevertheless, quantita-

tive studies, iae. the conversion, the yield, G value, 

material balance of the system were made on a few experi-

mental runs where carbon tatrachloride was used as solvent. 

IJI-5.1 Factors Governin~ The Choice of A Solvent 

Tlie fact, that gaseous methane was eoing to react 

with iodine dissolved in a solverit medium and that the 

reaction is endothermic suegested that a good solvent 

should have a high boiling point and high solubilities 

for both methane and iodine. A high boi1ing point is 

desirable to permit higher operating tempurature. 

0 
Vilenchich and IIodeins (Jl) used temperature above 80 C 

(see Section II-J.J). Furthermore the solvent should be 

able to transfer enerey quickly from solvent to the solute. 

These three factors f'orm three main areas o:f experiraen-

tat ion as will be discussed in the :following· sections. 

The other three areas of' experimentation are focussing 



on some possible :factors that could .favourably a.f.fect 

the reaction. 

·III-5.2 §olubilities o:f Reactants In Solvent 

This kind or problem always arises when a two

phase reaction is concerned and the problem is so laree 

that it constitutes a separate subject in the :field of 

Chemical Engineering - mass transfer with chemical 

reactions. 
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In some reacting systems, where two-phases ·are 

involved, both kinetics and di£~1sion control: may be 

important depending upon the operating conditions e.g. 

temperature. For sirn:>le reactions, there are methods 

available for <letcrmlnine the relative importance o:f 

these two possible controls under a given set o:f 

operating conditions (see e.g.(64)). However, these 

methods required the knowledces or the kinetic rate 

expression and the rate o:f di:ffusion of the system, which 

are not available :for the present reaction. Thus there 

is no other simple way to test whether the present 

reaction is chemically controlled by the kinetics 

(activation energy etc.) or physically by the di:ffusion 

process. 

The methods of experimentation carried out in 

this work were to try somA solvents which have high 



solubilities for methane and/or iodine and also to study 

brieI'ly the aeitation effect and the effect of the 

interfacial area between the methane bubbles and the 

solvent medium. The solubility data for iodine and 

methane in various solvents are available in the 

literature (48) and some data related to this work are 

given in Appendix F. 

For a eiven solvent, the increase or agitation 

or the interf'acial area would .increase the rate of' 
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absorption or methane in the solvent. In the experiment, 

attempts were made to increase the agitation in the 

reactor by chane;ing the methane flowrate and to increase 

the inter:facial area by breaking up the methane bubbles 

into numerous tiny bubbles with a piece of sintered glass. 

III-5.3 Boiling Temperature of Solvent 

The endothermic nature of thts reaction suegested 

that operating temperatures higher than room temperature 

were necessary to bring ahout the reaction. Since many 

organic solvents boil at rather low temperatures, this 

somewhat restricts the use of higher operating tempera

tures unless the system is under pressure. The boiline 

points of various solvents used in this work are given 

in Appendix 'F. 

};xperimentally, solvents with high boiling points 



were studied. In order to prevent the loss of solution 

rrorn the reactor due to vaporization at hicher tempera-

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-bA.tch process because iodine solution was fed in 

with the methane continuously. Although the reflux 

reactor would maintain the solution level :fairly well, 

the highest operatin~ 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 sol11bility or methane in the solvent. 

III•5.4 Energy Transfer And Indirect Action 

In mixture where one component is present in 

large excess, direct radiation action on the minor 

constituent is unimportant (Chap.IV of!)· Instead, the 

reaction or the minor constituent results £rom the 

attacking by active species {radicals, ion, etc.) formed 

in the :first instance .from th.e major constituent or the 

energy is trans~erred to it from the major constituent. 

For example, in the presence of an excess of' inert gas 

such as argon,methane becomes attuc~ed by ions formed 

rrom argon (14) as: 

A++ CH4 --> (56) 
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This phenori.enon which is knO'\·m as 'indirect action• (Chap. 

I of' 2) is quite common when solvent medium is involved 

in a reaction. The transfer or enerey via excited 

molecules has been presented in Section II-1.5.J. 

In the present case, the iodine concentrations 

in the solution were quite low, typically about 2 gm. in 

100 ml. or 0.079 mole/!. Thus a relatively larEe amount 

o:f radiation energy would be absorbed by the abundant 

solvent molecules th2_n by the iodine molecules. Hence 

the iodine was more likely to be affected indirectly by 

the attack of the radicals .from the solvent than directly 

by radiation. In order to accomplish this the solvent 

should be able to transfer energy promptly. Furthermore 

it should be stable 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 

o:f the reactants and by-products would be produced that 

might require expensive separation processes in the 

industry. 

'Two solvents are o:f special interest here -

carbon tetrac!1loride nnd ethyl iodide. These cmripounrls 

can undergo exchange reaction (Chap.IV of 2) accordine 

to the sequence: 

Carbon tetrachloride 

(57) 



Ethyl iodide 

CC1
3

·+ C1 2 ~ CC14 + Cl· 

2Cl • ~ C1 2 + energy 

c 2n
5

I ~ C2H5·+ I• 

C2H5·+ I2 ~ c2 tt
5

I + I· 

2I• ~ I2+ energy 

An isotopic teclmique has demonstrated (2) that the 

yield of cc1
3

. radicals is less than G=J.5 and the G 

value :for the exchange reaction o.f ethyl iodide is 

between 4 to 6e Thus both solvents are .fairly stable 
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(58) 

(59) 

(60) 

(61) 

(62) 

and according to the sequence Eq. (57) to Eq. (62), there 

is very little or no net formation of products from thems 

The indirect action or the radicals and/or the excited 

molecules on the iod.ine mo 1.ect1.les can thus .follow as 

shown in Eq.(56) and described in Section II-l.5.3. 

Althou~h the reaction sequence, ~q.(57) to Eq.(62) 

would not result in new products, it has to be realized 

that each of these exchan~e reactions takes place at a 

pure sta.te an<l there.fore in the presence of other 

components (e.g. I 2 and Cl\ in the present w:>rk), the 

sequence will not necessary be followed. 

III-5.5 RecotTtbination of Ioctine Radicals 

As discussed in Section II-3.3, the ec.ts phase 

iodination or methane is more likely to follow reaction 
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sequence shown in Eq.(49) to Eq.(51) than Bq.(45) and 

Eq. (l~6). 'T'hus in order that the :former seql.wnce may 

proceed as long as the reactants are available, the iodine 

radicals once :formed, either via Eq.(49) or Eq.(51), should 

be prevented :from recombination. The. recombination of 

iodine atoms is very likely especially when the iodine 

radicals are present in a Large concentration. In a gas 

phase iodination, the system is much more di.lute than in 

a liquid phase system where the movement or the laree 

iodine atoms will he restricted to some extent. 'T'hus 

the recombination of' iodine atoms is more likely in the 

liquid phase. He.nee unless the iodine radicals formed 

are energetic e.g. by decomposition of very excited iodine 

molecules, 1~q. (10), there is a possibility in condensed 

phase that the radicals may recombine within the sol vent 

cage (see Sections II-1.5.J and III-5.7). Experimentally, 

this recombination was minimized by reducine the usual 

iodine concentration in the solution to about 0.008 mole 

per litre. 

III-5.6 Impurity In System 

Many workers (]-;!, 22, 28, h 1), have reported that 

small quantities of impurities in the system, can have 

dramatic e~fects. In fact, much early work had been 

discredited on this account. One iniportant impurity is 



oxygen which a:f .fects nearly every radiation-induced 

reaction. One corum0n remedy :for this is to de-aerate 

the liquid sample by successively -freezing , evacuating 

and sealing. Liquid impurities present in the solution 

can be removed by distillation or extraction. 

~ith large doses, small quantities o~ impurity 

can be used up at the beginning o-f the reaction, which 

then proceeds normally. For example, as reported by 

Harmer (lil) an induction period lasting three hours or 

more was observed when the solvent, ethyl bromirte used 

was not produced by the radiation process, because even 

in high-grade commercial ethyl bromide made by the 

alcohol process, there are minor arnounts o:f unreacted 

ethyl alcohol and other by-products o:f the reaction. 

In the present work, all .the glassware was 

cleaned by conventional methods as described in Section 

III-l+. l and all drnmicals used were of the highest grade 

(see Section III-2) availahle in the market. It was 

the solvent, being present in greatest amount, which 

needed most care. Since the chemicals were not rurther 

puri:ried, irradiation time of a .few experiinental runs 
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had ~een extended to take into account oe 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 .i.mpurities, i.f 



any, would be used up. -i:'he oxygen, initially present in 

the system, was removed in this work by bubbling methane 

through the solution f'or 5 to 15 minutes be:fore the 

irradiation of.' the s0lution was beeun. 

III-5.? Ef':fect of Heaction Phase 

One distinct difference between the work o:f 

Vilenchich and Hodg·ins (31) and the present work is the 

reaction phase. ~here:fore the two processes could be 

expected to have some di:fferences either in the kinetics 

or mechanism althoueh this kind of extension rrom gas 

phase to liquid phase had been demonstrated successfully 

in other systems. Por instance, the eas phase addition 

reaction between JIRr and c
2

H4 carried out by Armstrong 

et al. (49) had resulted to the liquid phase Dow's ethyl 

bromide process (41). 
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The e:f:fects oI'. phase on radiation-induced reactions 

have been reviewed hy Jones et al. (50) and many related 

references are given in the paper. One of the obvious 

e f:fec ts on the 1 iqnid phase re? .. ct ions as discussed in 

Sections II-1.5.3 anrl III-5.5 is the so called 'caging' 

e.f:fect. In the gas phasr~ the mean free path and average 

time between collisions are relatively large and there 

are no caging effects. There£ore two radicals formed by 

the dissoci~ation o:f a molecule have a small chance of 
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recombin..ing.In liquid phase the cage e:ffect could be very 

serious i.f the dissociation o.f molecules is not energetic 

and involves large molecules. For 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 visible light. It has 

also been shown that the caging effect d~creases with 

increasing temperature. 

Another eof-fcct which becomes very important . ./:' 
1.1. 

the reaction proceeds by an ion-molecular reaction 

{Section II-1.5.2) is the recombination of ejected 

electrons to the parent ions in a condensed phase. This 

kind of neutralization seldom happens in the gas phase. 

Consequently, ion-molecular reactions that occur in the 

gas phase may be impossible or or little importance in 

liquid phase. 

In the present work, solvent was present in 

large quantity surrounding the iodine atoms and molecules. 

There fore it can be seen that cage e.ffec:t is unavoidable 

in the present case. One or 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 operatin~ temperature. '!'he last attempt, which was 



carried out after the installation of the new cobalt-60 

source, was to minimize the effect by increasing the 

intensity (or dose rate) hopine that more free radicals 

and other active species would be formed. With the 

interaction or these active species it would there£ore 

increase the possibility of' .forming :for example hot 

radicals which could he ener5etic enough to escape the 

solvent cages. 

The main efrects o~ reaction phase here were the 

solvent cage effect and the recombination of ejected 

electrons to the parent ions. In addition to these, the 
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coexisting of' gets and liquid ph.2.ses .in the system presented 

another prohlem. This subject has been covered in SAction 

III-5.2, but besides those attempts discussed in that 

section, it had also been sugeested t6 replace the methane 

with methanol and other liquid paraffines such as n-hexane 

in order to obtain a homogeneous reaction phase. Although 

the reactions involved would then no loneer be iodination 

reaction or methane, yet some similarities~ did exist 

between the iodination o.f methane and. the iodination o:f 

n-hexane or methanol. Thus the experiments might provide 

some guides to this exploration. 



IV HESULTS 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 or experiments was performed. Thus 

the results and discussion will be presented in 

subdivisions according to the areas o.f experirnentation 

given in Section III-5. Tn addition, the results I'or 

the continuous flow process and the quantitative results 

with cc14 as sol~cnt are given. 

IV-1 QUAWrrrATIVg ru~SUL1'S WITH ·CCl4 AS SOLVENT 

As discussed beI'ore (III-5), most o~ the work 

here was studied semi-quantitatively and quantitative 

study was only made on a few runs where cc14 was used as 

solvent. '1'he resnlts are shown in Table 5. The conver-

sion of' iodine and the yields of methyl iodide and 

methylene iodide were f;enerally low. No iodof'orm 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). 
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TABLl~~ 5 

QUANTITA1'IVE RESULTS WITH CC14 AS SOLVENT 

Irradiation time: 2 hours _4 Methane: 20 ml/min. or 8.9xl0 mole/min. 

Run Type of 
No. reactor 

98 

33 overrlow 0.08 49 5.2 

43 reflux 0.08 60 J.J 

9.0 2.8 

2.8 J.l 

500 154 Oo08 0.05 

147 164 0.01 O.OJ 

44 reflux sat'ed 77.5 2.0 0 2.7 o 173 o o.o4 

TABLE 6 

IU~SULTS OF THE CONTINUOUS B'LOll Pnocgss 

Methane: 20 n!l/min. Mole ratio: CH4 : I 2 = 22 •. 5 

I2 solution: 0.5 ml/min. I2 cone.: 0.08 mole/l 

Run Solvent Temp. Product {~{, peak area} 

No. oc _c113 r CH2 I 2 

1 CHJI 25 0 
0 
0 
0 
0 

2J cc14 60.5 0 0 
0.01 0 
0.02 0 
0.02 0 
o.o4 0 
0.05 0 

21 Benzene .57. 5 0.06 0 

* Representing the total methane passed through 
the system, not the amount rlissolved. 

* : 1 
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Thererore the present reaction in liquid phase was neither 

a chain reaction as reported for gas phase by Vilenchich 

and Hodgins (Jl) nor a reaction due to simple dissociation 

o:f methane i.e. a radiolysis reaction of methane with 

iodine as radical scavenger. 

IV-2 CONTINUOUS FLOW PROCESS 

Two experimental runs (Runs 1 and 2J) were carried 

out in a flow process and the results are shown in 1'ahle 6. 

Run 21 was grouped under here because iodine solution was 

:fed into the overrlow semi-batch reactor continuously by 

way of' saturating the methane with the solution (see 

Section III-5.J). 

For Runs 1 and 2J, a sample was taken :from the 

separator every hal:f hour and each experimental run lasted 

J hours. The %'s peak area .for product CH
3
I, in Hun 1 

were not certain because the product itsel.f was the solvent 

so that a little formation {i:f any) o:f CHJI would hardly 

change the large peak Rrea o:f 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 

or the :feed stream. This suegested that either no signi-

f'icant amount of CIIJI was :formnd or part o:f the CH
3

I 

solvent had been decomposed. (2) No CH2r 2 was det~cted~ 

lfhen CC i
4 

was used in Hun 2J at a higher 
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temperature, a little cH
3
r, hut no CH2 r 2 was observed. 

ri'or Run 21, the experiment lasted two hours {as compared 

to half hour per sample in Huns 1 and 23) and a sample 

at the separator was analyzed. More CH
3

I was obtained 

but this may be arisen from longer reaction time as will 

be discussed later. 

IV-3 SOLUBILITIES Qli' REACTANTS IN SOLV}~NT 

Table 7 presents the results of various runs using 

different solvents. ~rom Runs 13 to 28 the overflow semi-

batch reactor was used and below Run J5, the reflux semi-

batch reactor was usHd. There was a slight (but no strong) 

evidence that the solubilities would increase the conver-

sion of iodine but these experiments did show clearly that 

dif:ferent solvents would produce different results and 

cc14 seemed to be the best solvent among all the solvents 

used. Another-obvious difference was that none or the 

solvents yielded CH
2

r2 except cc14 . However, if the 

irradiation time was in.creased, CH2 I
2 

would show up as 

will be discussed in Section IV-7. A large ~~ peak area 

for CHJI was normally observed for the sam~le taken rrom 

the cold trap, but this sample was very small -- one drop 

to l~ss than 0.5 ml., so that i-ts contribution to the 

f"inal yield o.f cH
3

I was not very si.gni.ficant. 

An attempt to increase the rate of absorbing of 

cu
4 

throug·h sonu~ physical means was mnde. '"rhe results 
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Run 

No. 

lJ 

16 

17 

20 

28 

35 

J7a 

39 

li.2 

43 

l~ 5 

TABLE 7 

EFFECT OF SOLUBILITIES O!:<' REACTANTS IN SOLVENT 

I
2 

concentration 

Irradiation time 

Methane 

Solvent Temp. Solub. 
oc CH4 cc/cc 

CCl 4 
60 o.68 

CH
2

I
2 

60 -

Toluene 72.5 o.4 5 

Benzene 53 0~57 

C1CH=CC1 2 55 -

CC1 2 =CC1 2 71. 5 

Methanol 40 o.45 

J§l:-cr 90 o.4s= 
Cl Cl 

n-Eexane 66.5 0.60 

CCI.4 60 o.68 

c 2 H
5

I 69 -

0.08 mole/l 

2 hours 

20 ml/min. 

25°C Product 
( (;~ peak area) 

I7 
K 1 

CH.3I CH
2

I 2 

29 0.08 0.05 
0.10 0.04 
7.7 {) 

very ::::0 ~too 

52.4 61.7 

J.6 0.07 0 
o.o4 0 
1.55 0 

tl9 0.08 0 
0.0·'4- 0 
0.03 0 

39.6 0.07 0 
0.09 0 

30.6 0.02 0 

21.3 + 0 

- 0 0 

8.8 0.04 0 
0 0 

29 0.01 O.OJ 

- * 0 

+ 'The separatinn between CHJI and CH3 0H could 
not be achieved 

* See Section IV-5 
= "f<'or chlorohenzene 
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Place of 

sampling 

reactor 
separntor 
trap 

reactor 
trap 

reactor 
separator 
trap 

reactor 
separator 
trap 

reactor 
separator 

reactor 

reactor 

reactor 

reactor 
trap 

reactor 

reactor 



102 

are presented in Table 8 for the efrect or agitation and 

Table 9 ror the efrect of interfacial area between the 

methane bubbles and the surrounding solvent. By 

decreasing the flowrate of methane but keepine the total 

amount o~ methane flowing through the system constant, 

Table 8 shows that the production of CH
3

I was decreased 

but CH2 I 2 was increased. This change or product distri

bution, however, was more likely due to the change in 

the irradiation time as will be dj_scnssed 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. 

provtded enough mixing. 

In 1'able 9, again the results could be caused by 

the irradi~tion time, but obviously the conversion of 

·nun 32 was higher th~n that 0£ Run 10. It was rather 

weak to say that as the interfacial area was increased 

the conversion was increased. However, by combining the 

results of Tables 8. atld 9 (also see Table 15) it was 

clear that for a given solvent, cc14 if the absorption of 

Cl~ was increased by way of increasing the agitation, 

inter:facial area or bubhline time, the conversion seemed 

to be increased slightly. "Phis is quite reasonable if one 

considers the rate o.f di:f_fusion o.f methane in cc14 • The 

difrusion coef~icients :for CH4 in the solution (assuming 

pure cc14 ) were estimated (see Eq.l6.5-9 of' 51), using 
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TABLE 8 

EFFECT OF AGITATION 

Solvent : cc1
4 

I 2 concentration 0.08 mQle/l 

1'emperature : 4o 0 c 
Reactor : over£low 

Hun 
No. 

26 

27 

Run 
No. 

32 

10 

Irrad. 
Time (hr) 

Flow rate 
ml/min. 

Product (% peak area) Place of' 
sampling 

2 

CHJI Cll2 I 2 

20 0.07 0.01 
o.o4 () 

0.04 0 

10 0.02 0.08 
0.01 0 
0.05 0 

TABLE 9 

EFFECT OF INTERFACIAL AREA 

Solvent : cct4 
r 2 concentration : 0.08 mole/l 

Methane 20 ml/min. 

Reactor : overflow 

Irrad. Temp. Opening Product (ob 
time (hr) oc :for gas CH.JI -,--

7 30 sintered O. Ol-l-
glass 

3 JJ.7 2 mm ID 0.02 

reactor 
separator 
trap 

reactor 
separator 
trap 

f!eak aren). 
CH2 I 2 

0.05 

0 
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Eq.(63) to be l.lSxlO-S and 2.02xl0-5 cm2/sec. at 25°c 

~ 4 -8 OU AH = 7 • x 10 (6J) 

where VA= molar volume of' solute A in cm3/g-mo_le 
as liquid at its normal boiling point. 

~-=viscosity or solution in centipoises 

¢n= association parameter I'or solvent ll=l 

T = absolute temperature in °K 

and 6o 0 c respectj_vely. The values are roue;hly in the same 

-5 2 order as those for oxygen-water system (2.5xl0 cm /sec), 

5 2 carbon dioxide-water system (1.96xl0- cm /sec) and 

-chl.orine-wat"'er systefTl (1.4l~x10-S cm2 /sAc). Th11s the rate 

o.f absorption of.methane by cc14 is not very .fast so 

that any physical means to increase the rate of absorption 

wo11ld at least rnaintRin i-f not increase the overall 

reaction rateo 

The conversion however, as shown in Tables 8 and 

9, was not improved markedly. Therefore, within the 

experimental ranr:e, diffusion miG"ht not be the most 

important .factor that controlled the overall reaction 

rate although it could play a very important role in 

controlling the reaction rate. It was believed that both 

diffusion {physical) and thermodynamic equilibrium 

(chemical) were controlling the reaction and the latter 



105 

factor was more important than the former one especially 

i~ the solvent with hieh C~ solubility was chosen. 
I- ' 

BOILING TgMPERATIBIB OF SOLVENT 

The purpose or using a high boiline temperature 

solvent is to pe~mit higher operating temperature. 

Tables 10, 11 and 12 show the effect or temperature on 

the reaction with respectively carbon tetrachloride, 

toluene and tetrachloro(~thylene as sol vent. Generally, 

ror a given solvent the product concentrations were 

increased ffi the temperature was raised, but :for solvent, 

1,2,4-trichlorobenzene at 90°c (Hun J9 in Table 7) 

whlch was the hiehest operating temperature studied in 

this w:ork, no r,11
3

I or CH2 r 2 was detected. Thus tempera

ture might be the most important :factor, but other :factor, 

such as solvent, could not be ignored. Besides as sho~1 

in Table 12, a relatively good yield of CI~I was obtained 

at very lolv" temperature 6°c (but longer time). Note 

that tetrachloroethylene had also been used as ffilvent 

in the Dow Chemical's ethyl bromide process and was 

0 
~ound to have a better yield at lower temperature, -4 C 

than room temperature ('n). 

In the gas phase iodination l•.ork (31}, the lowest 

operating temperature was 80°c at which the yields were 



Solvent 

Methane 

TABLE 10 

EFFECT OF TEMPERATUR"t~ 

cc14 
20 ml/min. 

Reactor : overflow 

Time : 2 hours 

Concentration : 0.08 mole/l. 

Hun 
No. 

9 
26 

11 

JJ 

13 

Solvent 

Methane 

Temp. Product (o~ peak area) oc ' 
CHJI CH

2
I

2 ---·-
33.7 0.01 0 

40 0.07 0.01 

41 0.06 0.05 

49 0.08 0.05 

60 0.08 0.05 

TABLE 11 

EFH'ECT OF TEMPEHATURE 

Toluene 

20 ml/min. 

Reactor : overflow 

Time : 2 hours 

Concentration : 0.08 mole/1. 

Ru.n Temp. 
No. 

0 c 

14 60 

17 72.5 

18 80 

* 19 81.5 

Product (~~ p-e ak area) 
CHJI CH2 r 2 

0.01 0 
0 

0.07 0 
0.04 0 
1. 55 0 

0.08 0 
0.07 0 
1.0 0 

0.09 0. 
0.1 0 
0.75 0 

Place of 
sampling 

reactor 
trap 

reactor 
separator 
trap 

re.n.ctor 
separator 
trap 

reactor 
separator 
trap 

* preirradinted for 100 n;ins., se•; Section IV-7. 
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Run 
No. 

36 

J4 
35 

TABLE 12 

EFFECT OF TEMPERATURE 

Solvent : Cl
2

C = CC1 2 
Methane : 20 ml/ruin. 

Concentration . 0.08 . 

Reactor 

""Pime 

mole/I. 

Time Product {<:~ peak 

re:flux 

2 hours 

area) T~mp. 
c {hrs) CH I CH2 I 2 _J_ 
6 Jt 0.07 0 

53.5 3 o.o4 0 

71.5 2 0.02 0 
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. 0 
low and the optimal temperature was at lJO c. Althoueh 

the effect of temperature as shown in Table 10 and 11 

as well as the results o:f Hun 39 (see above) and Hun 36 

o:f Table 12 were not very impress.ive, it was suspected 

that all the experiments were per:f0rmed at temperatures 

well below the reeian where the temperature effect could 

have clearly shown up. Thus, it was felt that the 

temperature was still the key factor that controlled the 

~eaction .especially if one considered the endothermic 

nature or the reaction. 
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IV-5 ENEHGY TRANSFBR 

Two solvents - carbon tetrachloride and ethyl 

iodide were used and the results are compared with that 

of n-hexane in Table lJ. The advantage of' usine the high 

energy transfer agent as solvent did not really appear in 

these results. For example, the conversion o.f iodine 

TABLJ<~ 13 

EXPERIM1~NTAL HUNS WITH CC14 AND ·C
2

H
5

I AS SOLVEN'l' 

I.2 cone. : 0. 08 mole/l. 

Methane : 20 ml/min. 

Heactor : reflux 

Time : 2 hours 

Run Solvent Temp. 
oc 

Product (~ peak areal 
No. 

42 n-Hexane 

43 cc14 
45 c 2H5I 

* See discussion 

66 . .5 

60 

69 

CHJI CH2 I 2 

0.04 

0.01 

* 

0 

0.03 

0 

for Run 4J was slightly higher than that o.f Run 42, but 

this did not prove that the slightly higher conversion 

was due to the enerey transfer because it was simply not 

enough evidence to con.firm this. Besides the study of 

energy transf'er could be very sophisticated. The 

relative high yic ld of cn
3 

I 1'or Hun h2 could be slightly 

contributed :from the rarliolysis o.f hexane, becausf~ in 



the radiolysis of n-hexane with iodine as radical 

scavenger,a small but significant amount o:f CIIJI was 

detected (54) (also see Table 16). 

The solvent, c 2H
5

I :for Run 45 contained some 
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cn
3

I as impurity. The analysis o:f the iodine f'eed solution 

consisted or 2.58% or G-C peak area for cH3I, but the 

analysis of' the product t .. rom reactor (with the same 

components) gave only 0.22% o:f peak area £or CH
3
r. 

Obviously most of' the cu
3

r had been decomposed. In fact, 

various low boiling, yet unirlenti:fied compounds were 

collected in the cold trap. Thus the methyl iodide was 

not stable at 69°c (boiline temperature) in a reflux 

reactor under the influence o:f gamma radiation. It should 

be noted that the re:flux reactor was :found to give a 

lower ·yield in CHJI than the overrlow reactor, e.g. by 

comparing Run 13 and Run 4J in Table 7, Petry (25) had 

found that the deco~position or CHJI w~s proportional to 

the total irradiation dose given to the sample, hut 

Vilenchich (:31) reported that the decomposition was 

negli~ible at room temperature (see Section II-2.3). 

Thus the matter o:f stability of cn
3

r further coinplicated 

the problem because it was then rather difficult to tell 

whether the system did {but decot!1post~d immediately) or 

did not yield methyl iodide. 



IV-6 RECOMBINATION OF IODINE RADICALS 

As sug~ested (Section III-5.5) one method of 

reducing the recombination of iodine radicals was to 

lower the iodine concentration. Table l4 shows the 
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eI'fects of iodine concentration and radiation intensityo 

Since the initial iodine concentration ror Run 38 was 10 

times lower than that of Run 43, the conversion of iodine 

f'or Run J8 mic-ht be (no quantitative study _for Run J8) 

larger than that of' Hun 4J even thonr;h the concentrations 

of" CH
3

r and cn
2

I
2 

in the product stream were equal or 

larger in Hun 4J. 'rhis 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 

ef'f'ect of iodine concentration on the product distribution. 

At higher iodine concentrat.ion, more CH2 I 2 was detected. 

This observation was in accord with that of' the 

chlorination of' methane (30) (see F.ig.10). 



Run 

No. 

J8 

4J 

44 

46 

l~? 

TABL~; 14 

EFFECTS OF IODINB CONCENTRATION 
AND RADIATION INTENSITY 

Solvent CCI Reactor . reflux 4 . 
Methane 20 ml/min~ Time . 2 hours . 

Cobalt Cone. 'remp. Product {cs; peak area) 

Source m.:>le/l oc CH]I CH2 I 2 ---
711 .• 5 * old 0.008 o.ot 0 

old 0.08 60 0.01 O.OJ 

* o. 04 old sat'ed 77.5 ::O 

* new 0.008 75 0.01 0 

new sat'ed 76.5 * ~o 0.02 

* Boiling tempera_ture 
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IV-7 IMPUHITY IN SYSTEM 

The possibility of having an induction period 

owing to the impurity in the system 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 or induction period at all. ~lso as the reaction 

time was extended, more Cl~I2 was formed, revealing the 

consecutive nature of :forFline the iodomethanes in the 

iodination o:f meth~me (sei~ :P~q. (52) to }~q. ( 54 )J. The 

pre-irradiation of' the system, as shown hy cornparinf,' 

Run 18 with Run l9 in Table 11, did not really improve 

the production significantly so that all the other 

experiments were not pre-irradiated. 

IV-8 EFFECT OF HJ~ACTION PHASJ!; 

The caeing effect of the solvent was the m0st 

important factor for the errect of reaction phase. The 

various attempts to minimize the caging ef1'ect as 

discussed in Section III-5.7 were (1) to lower the iodine 

concentration (2) to increase the temperature and (J) to 

increase the radiation intensity. The correspondinG resul.ts 

are shown :i:n '"r.'ahle 11.t- for the iodine concentration, Tables 

10-12 for temperature and Table 14 for the radiation 
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TABLE 15 

EFF'ECT Oli' HEACT'ION TIME 

Methane : 20 ml/min. Reactor overrlow 

Concentration : 0.08 mole/I. 

Run Solvent Temp. Time Product ~:eeak area} 

No. oc (hr.) CHJI CH
2

I
2 

9 
10 

32 

29 

JO 
Jl 

* 

CC! 
l~ JJ.7 2 0.01 0 

CCl JJ.7 J 0.02 0 

* 
4 

cc14 JO 7 o.o'-i- 0.05 

ClCH=CC1 2 38 2 0.07 0 

C1Cll=CC1 2 J8 4 0.08 0 

ClCH=CC1 2 JO 11 0.11 0.14 

---
Sintered el ass was used, see Table 8. 

TABLE 16 

IODINATION OF METHANOL AND n-IIBXANE 

Methane : 0 ml/min. 

Cone.: 0.08 mole/l. 

Tirne : 2 hours 

Reactor : reflux 

Run 

No. 

37 

41 

+ 

Solvent 

n-hexane 

Temp. 
oc 

14-0 

Prorluct (~ peak area) 

* 0 0 

~o 0 

CHJI could not he separated .from CHJOH, but I
2

co:nc. 
remainert constant. 

Boilin~ temperature 
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intensity. -i:'hese results have bef-~n discussed in the 

previous sections and F,enerally these three methods of 

minimizing the cagine e:frect were not very sound. 

There:fore no statement could be made regardine; the 

cagine ef~ect. But if one considers the results reported 

by Jones (.i_Q) (see Section III-5. 7) there is no doubt 

that cagine e.frect could exists to some extent in the 

present system. 

By replacing the methane with methanol or n-hexane 

and as shown in 'J'able 16, very little to no CHJI or cn2 I
2 

was detected except .for Hun 41, where a very small trace 

of CHJI was observ<~d. 1."'his small trace was obviously 

due to the result of" radiolysis of' n-hexane (54). Dy 

comp~ring ~un 41 in Table 16 with Run 42 in Table lJ, 

it wa~ obvious that practically rio CHJI was observed 

unless methane was passine- throueh the system. 
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IV-9 SUMMAHY OF Tm~ RESULTS 

Although the results did not reveal strong 

evidence .from which one could draw conclusions, yet 

the experiments did provide some .fairly use:ful observa-

tions. They are summarized as :follows: 

(1) The liquid-phase iodination of' methane was neither 

a chain reaction nor an iodine radical scavenging 

reaction. 

(2) Different solvent media gave di.frerent conversions 

of' iodine; varyine- from zero to less than 6~1a, and 

cc14 is considered to be the best solvent. 

{J) At an irradiation time not more than two hours, only 

the reaction usinc· cc14 as solvent could yield 

CH
2

I
2 

in addition to CH3I. 

(4) For a given solvent, an increase of temperature 

would increase the conversion slightly. 

(5) The formation o.f CI~I2 would be increased if 

(a) the iodine concentration was increased. 

(b) the temperature was raised,and 

(c) the reaction time was extended. 

(6) The reflux semi-batch process gave lower yield of 

CHJI than the overI'low semi-batch proces$. 

(7) CHJI was not very stable at high temperature in a 

reflux reactor under the in:fluence of gamma 

radiation. 
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It has to be emphasized here that in the eas-phase 

iodination work (31) some experimental phenomena have not 

yet been explained successfully. For example, as reported 

(31)Eq.(55) could be catalysed by the :ferric iodide which 

was formed on the inner wall of the corroded metal reactor 

over a lon~-period oI' use and also there was a strange 

observation of sudden increase of pressure in the system 

{see Section II-3.J). 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 Eq.(55)). Ion-

- molecular reaction can proceed extrenely fast (Section 

II-1.5.2). And Lf this ion-molecular reaction happened 

to be the main mechanism in the gas-phase (see Eq.(27)) 

then as discussed in Section III-5.7, the ion-molecular 

reaction would be irnpossihle 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 di.f.ferent 

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. In addition, it is :felt that the gas-phase 

iodination could be catalysed somehow by the metal 

reactor or could :follow some mechanism which would not 

proceed under the present experimental ranee. Since 

such a laree variety of experimentation has been studied, 

with the un:favourahle results, the project should be 

terminated as far as the liquid-phnse reaction is 

concerned. 
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VI RECOi-IMENDATION 

The two extreme results or gas-phase and 

liquid-phase iodination reaction require rurther work 

to elucidate the subject. A more detailed study of' the 

gas-phase reaction is recommendated. 

In regarrling the study of the practicability of 

producine iodomethanes, a continuous .flow, gas-phase 

process such as those given in Appendix D might be 

worth considering. 
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APPENl)IX A 

FRICKE DOSIMETRY 

This is one of the most convenient methods of 

dosimetry. It satisfies most of the criteria listed 

below for a good dosimetric system. These are: 

(1) The enerey 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 ranee. 

Fricke dosimetry i.s :found to be independent o:f 

energy in the range 0.1 to 2 MeV. 

(2) The response o:f the system should be reproducible 

and temperature independent. No change will occur 

between 0 - 50°c in using Fricke dosimetry. 

(J) The mean atomic number should be close to that of the 

system o:f interest. 

(4) The dosimeter should be easy to prepare and analysis 

should be easy. 

The theoretical aspects and the reaction mechanism 

o:f this system are discussf·Hi in Chap. III of (3_). Brief'ly 

the reaction involved is the oxidation of an acid solution 

of ferrous sulphate to the :ferric salt in the presence of' 

oxygen and ionizin~ radiation. This stru1dard method of 

dosimetry is avai lahle for example in the ASTM Standards (_55) 
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as method D 167I-6J 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. All 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 

impuri ti.es. 

Calibration C1frve 

An approximately 0.1 M ferric sulphate solution 

in 0.4 M sulphuric acid was prepared and the exact ferric 

concentration was determined by standard potassium 

permanganate solution as outlined in Chap. !l.'- of' ('-~7). 

The ferric solution was then diluted into seven portions 

with o.4 M sulphuric acid and the absorbances of each of 

the seven portions were read :from a Beckrian Model Dk-1 UV 

Spectrophotometer at J05 mj-l, using o.4 sulphuric acid 

solution as the blank in the spectrophotometer. 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 :ferric concentrations could be 

Rads :::: rnicromoles of Fe*+-per liter .x 60.9 (A-1) 
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·converted to the radiation unit rads. 'rhus a calibration 

curve of radiation dose (in rads) a~ainst the correspond-

ing absorbances could be plotted as shown in Fig.A-1. 

This is a straight line passine through the oricin with 

a slope of 2.6J~x104 rads/O.D. Mathematically Fig.A-1 

could be expressed as: 

Rad = 2. 63. 4 
x 10 x O.D. (A-2) 

where O.D. was the optical density (absorhance) measured 

at J0°c instrument temperature. A slope of 2.Y4x104 

0 
measured at 20 C was reported by Swallow (Chap.II of 2). 

Dosimetry Procedure 

The dosimetry container, as suecested, should be 

of approximately the same dimensions and geometry as 

those employed to hold specimens for irradiation and no 

container should be less than 8 mm in internal diameter. 

There:fore the hest container ror dosime·try in the present 

work was the reactor itselfo 

A dosimetric solution of' 0.001 M :ferrous ammonium 

sulphate, 0.001 M in sodium chloride and o.r1- M in sulphuric 

acid was prepared £ram a stock solution of 0.5 M Fe* and 

0.5 M NaCl. The o.4 M sulphuric acid was saturated with 

oxygen during the same day hef'ore it was used to dilute 

the stock solution to give the dosimetric solution. A 

specimen of dosimetric solution {about same volumn as the 



"tJ" 
I 
C::» 

x 
<-'1 
0 
.::t: 

4 

3 

o:: 2 

5 I -
I 

0 0.2 0.4 0.6 0.8 I .O 

ABSORBAMCE 

4 SLOPE = 2.63 x f 0 

1.2 1.4 

, FIG. A-I CALIBRATION CURVE FOR FRICKE DOSIMETRY 

r·-1EASURED AT I NSTHUMENT TEMPERATURE = 30°C 

I .6 I .8 

.... 
r~ 

.....,] 



128 

reaction volume) was placod in the reactor and irradiated 

for a measured length or time (J to 5 minutes). The 

recommended dose range is 0.2 x lOl~ to 4 x lOlt. rads. The 

absorbance of the irradiated solution was read from the 

spectrophotoMeter usine the unirradiated solution as a 

blank. From the absorbance the absorbed dose was calcula-

ted from Bq.(A-2) or read from Fig.A-1, Since the measure-

ments of absorhance were carried out at nearly constant 

temperature 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 or 20° to J0°c, a correction temperature coeI'ficient 

of +0.7 % per degree C has to be used. For example, in 

Swallow's formula Eq.(A-J), a temperature correction term 

has been included in the equation. 

rad=2, 9li x io
4

(1-o.007t) x OD (A-J) 

where t ·- measured temperature minus 20°c 

Dosimetry Result 

The measured dose rates for the cobalt 60 source 

used in this work are summarized in Table A-1. 
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TABL1~ A-1 

RESULTS OF FRICKE DOSIMETRY MEASUHEMENT 

Date Irradiation Absorbance 
time 

(mins.) 

Dose / -·i rad x lO 
Average 

dose rate 
rad/sec. 

8/lJ/70 
8/13/70 
8/13/70 

8/14/70 
8/lfi/70 
8/llt. /70 
8/lli./70 

15 2 
5 1.480-1.490 

5 1.465-1.485 
5 1.486-l.h90 

5 1.480-1.490 

J 0.99 -1.00 

* J 1.006-1.007 

* No water in water jacket. 

J.87-3.90 

J.85-J.90 

J.90 

J.85-J.90 
2.60-2.63 

2.65 

129 

129 

130 

129 

139.5 

147 

The discrepancy between the 5 minutes and the J 

minutes samples were mainly due to the inaccuracy in 

timi~g. As mention before, the time required to position 

'the so11rce and to reri10ve the source varied .from 1. 5 to 2 

minutes which were rather large compared with the total 

irradiation time of only J to 5 miuntes. Obviously, the 

error introduced in the J minutes samples would be larger 

than the 5 minutes samples. A correction factor for this 

pre-irradiation of the sample should be made, £or example, 

by measuring the dose absorbed in the period 0£ 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 



been absorbed by the 3 and 5 minute samples during 

the transportation of' the source. i.e. 

!JO 

TD) = D) + E 

TDS = n5 + E 

(A-4) 

(A-5) 

where TD3 and Tn
5 

are total absorbed doses in 3 and 

5 minute samples respectively; u
3 

and n
5 

are the 

doses that should be absorbed in J and 5 minutes and 

E is the extra dose absorbed by the system during 

the source transportation. 

ny combining Bq. (A-li) and Eq. (A-5), the extra 

dose E can be eliminated so that in 2 minutes time, 

the exact absorbed dose is 

(A-6) 

and the error due to source transportation is excluded. 

Hence the exact dose rate measured by the dosimetry 

can be calculated by dividing n
2 

with 2 minutes. 

Using this approach, the exact dose rate was 

equal to 109 rad/sec. which was used f'or the calculation 

of' the absorhed dose of the iodine solution system as 

described in Appendix B. 

For the interest of comparision, the dose rate 

had also been computed using Swallow' s f'ormula Eq. (A-J). 
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As expected, a slightly larger value, 1J4.8 rad/sec. (vs. 

129.0 rad/sec.) or after the correction, a value or 111.8 

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



.APPENDIX B 

CALCULATION OF T!m MASS ABSORPTION COl~F'FICIJ:l.~NTS 

The Fricke dosimntry only provides the energy 

absorbed by the ferrous sulphate solution, but this value 

can be related to thn 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 between them can be expressed as: 

(B-1) 

where s and d re.fer to the system of' interest and the 

dosimeter respectively. Notice that the mass energy 

absorption coe.f:ficients ().1.a/e) were used in this work 

(see Section II-1.4) and no buildup factor was considered. 

The mass energy absorption coef~icients for 

various elements are available in the literature as a 

function of the photon energy (3_,10,_11,56,57,~). Some 

values related to this work were abstracted from those 

literature. Ry eraphical interpolation of the data at 

1.25 MeV (average of l.l7J and 1.JJ2 MeV), the mass 

energy absorption coefficients are given in Table H-1, 

together with the mass total absorption coefficients. 

The mass absorption coefficient 

1 'l? 
.J-

ror a compound X Y can m n 



TABLg B-1 

MASS ABSORPTION COEFFICIENTS FOR 
ELE:MEI'\TS AND COMPOUNDS AT l.25MeV 

Element 
or 

Compound 

Hydrogen 

Carbon 

Iodine 

Chlorine 

Oxygen 

* Ne thane 
* Water 

CCI * 4 

Energy Pale 
(cm2 /gm)x 102 

s.31 
2.68 

2.51 

2.55 

2.68 

J.J4 

2.97 

2.56 

*calculated by Eq.(25) 

Total )J../e 

(cm2 /gm) x 102 

11.4 

5.68 
5.08 

5.40 

5.68 
7.12 

6.J2 

5.42 

13J 

be calculated by Eq.(25). ~or example, when th~ equation 

is applied to methane, it becomes 

el~) (µ; ) A.W. c 4 (~a ) x A.W. H 
= x M.W. CII4 

+ M.W. f CH e H CHl~ 
4 c 

Note that (~) 
(: I2 = (Pa ) 

<2 I 

The values given in Table B-1 include the three main 

interacting effects, namely Compton scattering, photo-

electric effect and pair production (see Section II-l.J) 

In th~ present work, the system of interest is a 

mixture or iodine, solvent (cc14 ) and dissolved methane. 



By extending Eq.(25) the mass absorption coe!f'icient for 

the system can be calculated as: 

(B-2) 

where F = N x M.W. 

N = mole fraction 

However, as demonstrated. below, (~)CCl can be used to 
4 

substitute :for (~} 5 , because the mole :fractions o-f iodine 

and meth~ne are so small compared ~ith that of the carbon 

tetrachloride that they can be ignored. Thus the variation 

o.f iodine concentration in the solution will not af'fect 

the mass absorption 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 coefricien~were computed as follows: 

Run 33 

At 49°c, the CH4 solubility is 0. 691 cc/cc of' cc14 

25 ml of' solution (assume equal to 25 ml cc14 ) in reactor 

0.5795 gm of' 1 2 dissolved in J9.1670 gm cc14 

Compound CH4 I,) CCl4 
~ 

No. o.f rnole 0.00065 0.00228 0. 2 5!l6J 

Mole :fraction o. oo;.! 5 0. OQ;-)9 0.9886 



Usine Eq.(B-2), it can be computed that 

compare with 

'I'he di:ff"erence between the two values is less than o.4c;o. 

For Run 44 where the mole .fractions were CH4 ( 0. 002J), r
2 

(0.0106) and cc14 (0.9871), the (-~)s= 2.56 x 10-2 which 

lJS 

is exactly equal to the mass energy absorption coefI'icient 

:for pure cc14 . 

A~ter cornputine the mass energy absorption coefri-

cient, the absorbed dose by the system o.f interest can be 

calculated by Eq.(B-1) as .follows: 

(D.R.)d= 109 rad/sec. {~rom Appendix A) 

The mass energ·y absorption coefficient of the 

Fricke dosimetric solution can be approximated 

by that of the pure water because the solution 

is very dilute (O.OOl M), i.e. 

Therefore 

(D.R.)s = 109 x 2.56/2.97 
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= 94. () rad,/ sec. 

or = 5.86 x 1015 eV/gm/sec. 

As mentioned be.fore, no correction was being made for the 

decay of' the cobalt source. For 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. = J. 602 
-1~ -1 

x 10 day 

= 90.0 rad/sec. 

The difference between the two values is about 4~ which 

is smaller than the other sources of errors .from 

dosimetry (timing) and the method or estimating the 

absorbed dose using mass absorption coeI'I'icients. 



APPENDIX C 

THE COBALT-60 SOURCE 

'l'he gamma source used in this study was a cobalt 

60 source purchased rrom the Atomic Energy o:f Canada,Ltd. 

in 1962.with a source strength, measured on October 9, 

1962, of 5330 curies. A description of ~he source and 

its dose rate characteristics are ~vailable in the litera-

tu re (.22). A dPtailed design of the source container is 

reproduced in F'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 Mc~aster Unive~sity Nuclear Reactor. The hot cell 

has a rated capacity of 10,000 curles of cobalt-60. Its 

heavy concrete wall ('i foot thick) is equipped with 

removable concrete plugs of di:f.ferent diameter sizes. 

They can he removed if necessary for introducing tubings, 

electrical wires etc. into the hot cell. ii'or a :flexible 

tube or wire, a special concrete plug with coiled 

"tw1nel 0 is used to replace the solid plug, but for non

f'lexible tube such as ~lass, such a special concrete 

plug is useless and proper shielding usint; lead blocks 

has to he built at one of the open ends. The hot cell 

137 
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is also equipped with a viewin~ window (4 feet of 'leaded' 

glass), two master slave rnanip11.lators, a 20 :foot storaee 

water well and an electrically operated crane. 

The cobalt source consists of' 12 line sources 

called pencils. The are arranLed symmetrically in a 

cyclindrical I'orm so that the radiation fluxes I'rom each 

or the 12 pencils are overlapping with one another. 

Hence a loneitudinal dose uniformity can be achieved as 

shown in Pig.C-2, hut the radial dose intensity is 

dropping drastically with increasing in radial distance 

as shown in Fig.C-J. In the present work, the reactor 

was placed in the centre of the source at a level where 

the longitudinal dose imi.formity could be expected. 

Since the reactor had a small diameter, the variation of 

radial dose intensity in the reactor would not ho very 

large. Moreover, the mixing in the reactor would 

eljminate the problem of non-uniI'ormity of radial d<>se 

intensity. Thus it could be said that the reactor 

received uniform dose both longitudinally and radial!~ 

A positionine stnnrt :for the 51urce and the reactor 

as shown in Ji'ig.C-l-t., was built in order to have the 

positions of the source and reactor .fixed, and also to 

have an easy raanipulating of the source with the pair of 

slave manipulators. It consisted of J pieces of ! x 24 

x 24 in. plywood. held tog-ether with :four 1 in. diameter 
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steel rods by the flexaframe feet. Three cone en tric 

holes in dirrerent 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 

DESIGN 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 ¥ays brie:fly 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 only four methods will be presented 

here. Two of them are using a plug flow reactor and the 

other two are usine a backmix reactor. Notice that the 

two methods using- plug :flow reactor are carried out in 

the gas phase. Althoukh the gas phase reaction is not 

of interest here, they are presented here as a comparison 

with the other methods. 

(1) Plug flow with iodine feed as vapor 

In this method, the methane and iodine vapor are 

fed into a plug flow reactor at a temperature high enough 

to prevent any iodine condensation. 'rhe reactor is 

14J 



placed in a field of gamma radiation. The products and 

tm.reacted reactants are condensed and collected in a 

condenser system. 

Iodine is in solid form at room temperature and 

pressure. T~1s in order to introduce the iodine into 

the reactor as a vapor, high temperature (at norrnal 

pressure) is necessary. In a laboratory, a continuous 

:feed of iodine vapor can be achieved by using a carhurettor 

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 reasonable iodine feed concentration. For 

example, using the vapor pressure chart of: iodine (Fig. 

D-1), at lOS 0 c and at one atmospheric reaction pressure, 

the mole o{i of iodine in a methane iodine mixture is 7% 
and at 158°c is 50%. However, as the temperature is 

increased, the var>0r pressnre is more responsive to the 

temperature change. For instance at 150°C, the slope of 

the curve is about 8. J mm 1lg/0 c which means_ that about 

0 
2.8~ of error in vapor pressure at 150 C will be 

introduced per degree temperature change. Thus the tern-

perature control of the carburettor becomes very critical. 
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A method has been proposed (60) to replace the 

carburettor by a syringe pump used :for introduc~ng be.nzoic 

acid vapor 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 f"orced 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-

tocra~h liquid inject port. In this case, the temperature 

control is less critical and the inlet iodine concentration 

has less cor..straint. However, some difFiculties in using 

this method have been reported and needed to be improved 

(60). 

(2) Plug f'low with iodine feed as solution 

The main dif'f'iculty encountered in the above 

method is that iodine will condense and plug up the 

system i:f there are cool spots in the system. One way 

of avoidine this is to introduce the iodine into the 

reacto~ by using iodine solution, provided that the 

solvent is not going to affect the reaction. The solution, 

when it enters the plue flow reactor, is immediately 

vaporized by the high temperature at the entrance of the 

reactor. The vaporized solution together with the 



incoming methane then move :farther down the reactor and 

react with each other under the in:fluence of eamma 

radiation. 

(J) Rackmix with iodine :feed as vapor 

147 

The iodine va;;or and the methane either premixed 

or not are bubbling through a column of solvent in a 

backmix reactor placed in a gamma radiation :field. The 

iodine vapor can be obtained as described in method (1) 

above. However, the solvent has to be 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 bec~use 

ordinary liquid solvents will not stand these high tempera

tures. 

(!~} Backmix with iodine feed as solution 

The method seems to be the easiest method to 

bring about a liquid phase reaction between iodine and 

methane. The G value obtained for the f_;as phase iodina

tton was so high that it was assumed that the use of' a 

solvent in this reaction would at most lower the rate o:f 

reaction or lower the G vn.lue but h"as still high enouP;h 

:for one to assess its commercial value. There:fore it 

was adopted for this study. In this process, both iodine 

solution and methane a.re fed into a backmix reactor 
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which initially is filled with the iodine solution. 

D-2 Design o:f Rackmix Reactor 

The kinetics equations and the natures o:f this 

gamma induced iodination reaction are not available in 

the literature. However, it was believed (Jl) that the 

reaction occurs by successive iodine substitution to the 

methane as shown :from Eq.(49) to Bq.(54). This kind o:f 

reaction is re.ferred to as a consecutive-competing (or 

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

tion is 

A + B ~ R 

R + B ~ s (D-1) 
s + B -> T 

or A __:!ll R ~ S +B 
T ___,. 

where D is the iodine, A is the methane and H., S and T 

are products. Thus qualitatively, it is possible to 

predict the product distribution according to the mode 

o:f bringing the two reactants toeether. For example, i:f 

methane is added (or dissolved ) slowly into a backmix 

reactor :full of 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 

o:f larRe amount o.f iodine, the methyl iodine will react 

:further with the iodine to "form methylene iodide. Thus 



the product distribution will behave as shown in Fig. 

D-2, and very little intermediate product will be produced. 

On the other hand, i:f very little iodine is added 

slowly into a backmix reactor full o.f solvent which has 

been presaturated ~ith methane, the intermediate product, 

methyl iodide will be produ'ced. 'fhe concentration o:f 

CH3I will buildup slowly until its concentration is high 

enough to compete with dissolved methane f'or the added 

iodine, so that its concentration begins to drop off as 

shown in Fig.D-J. In short, as sumnarized by Levenspiel 

( 61) "Ji'or a given conversion of reactant A a maximum 

amount of intermediate is formed when we do not mix 

materials at different stages of conversion". 

Thus in the present ·work, with the set up as 

described in Section D-1 (l~) abov.e_, the product distribu

tion shown in ~ig.~>-2 is more likHly than that in Fig.D-J. 

(Provided the rate constants for each successive step are 

not too m11ch different in magnitude). The product 

distribntion shown in Fig.~J-3 could be achieved if the 

content in the reRctor is always saturated with methane 

and very dilute iodine is either fed into the reactor 

very slowly or by usine a pulsation technique of feeding 

the iodine. However, the ultimate objective of this 

work is to~produce the iodor.iethanes which can mean any 

of the three ~xpected ?rganic products. If the reaction 
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turns, .·out ·to f'avotir. the production of' certain product, 

then the optimi.zation of the process will be concentrated 

on that product. 

'l'hus the reactor design will then only depend upon 

the size or dimensions and the dose characteristic of' the 

cobalt 60 source. As discussed in Appendix C, the cobalt 

source provides a longitudinal uniform dose o:f about 4 

inches and therefore a reaction zone o:f about 4 inch long 

was desig:ned. 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 centre .of the 

source where maximum dose rate could he obtained. There-

fore the diameter of the water jacket cannot be larger 

than J inches which is the inside diameter o:f the source. 

-
The water jacket wns kept as slim as possible to avoid 

any significant reduction of radiation due to the water. 

The :final desien of the two reactors are shown in Fig.D-4. 

The inner diameter o:f the reactor was rather small so 

that there was not much 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 hole openings. 

Other auxiliary glassware for this work is 

shown in Fig.D-5. There are (a) the re~lux condenser 

f'or the ref'lux reactor in Ti'ig.D-1.i (b), (h) the cas-liquid 

separator and {c) the iodine solution reservoir. 'l~he 
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re.flux condenser was an ordinary 400 mm long condenser 

with coiled tube and ground joint (~ 24/40) at both ends. 

The gas liquid separator consisted or three 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 totnl capacity of this section was 14.0 ml. 

This section also served as a temporary container while 

the liquid sam9le was being withdrawn :from the bottom 

section. '!'he bottom section was actually for collecting 

all liquid from reactor. The big bulb at the bottom was 

calibrated to be JO.S ml.and the total capacity in this 

section wa~ 50ml. As mentioned before the original plan 

of this work was to have most of the collected liquid 

recycled via the side tube of the three way value at the 

bottom of the gns-liquid separator. Thus the amount of' 

sample withdrawn from the separator f'or gas chromatograph 

analysis had to be consistent or the .fraction of" the 

liquid withdrawn for this pur!.")ose had to be known. '!'his 

was why the separator was scaled. 1'he reservoir .:for the 

iodine solution consisted of two 50 ml. burets which 

permitted the fe~ding of" iodine solution to the reactor 

as well as the re:filling of solution f"rom top· vessel to 

the huret at the same times A nitrogen pressure of 



10 -·15 psig was used to provide a constant upstream 

pressure head for the rotameter. The tl~ee way valve 

.for the nitrogen could cut off the pre3sure in the top 

vessel for refilling the top vessel if necessary. 
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APPENDIX E 

ROTA?-O~TT~RS AND F'LOWRATE CALIBRATION 

Two sizes o.f rotameters were used in this work. 

They were purchased :from the Brooks Instrument, Ontario, 

with the ~allowing speci:fications: 

'Meter Cat. No. Max. :flow 
size {min. f'low ~ 1/10 nax.flow) 

Water Air 

2 R-2-15-AA Glass lQ02 90.9 

Sapphire 1.98 lJ8.8 

s. Steel 4.96 268.0 

2 R-2-15-D Glass 5.8 378 

Sapphire 10.5 518 

s. Steel 20.8 8J2 

Rotameter No. R-2-15-AA with both glass and stainless 

ste~t :floats was used to meter the methane .flowrate. The 

calibration curve is shown in Fig. B-1. As mentioned in 

Section III-J.l, a pressure o.f J psig was maintained at 

the down stream o.f the rotamer by a pressure regulator 

(see Fig.11) in order to prevent the rotameter float been 

:fluctuating. Hence the rotameter was calibrated at this 

condition. The choice of J psi~ wa.s quite arbitrary, 
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but it was chosen mainly becPuse· 1"t i"s 1 d 
<:.4 - aree com pare . 

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 gaue;e because no mercury was permitted to 

use in the nuclear reactor bu~lding~ Another feature-of 

the McMaster nuclear reactor is that the pre·ssure o.f the 

building is always adjusting itsel~ slightly (O.lJ in. of 

water) below ambient pressure. However, this slight 

di:f:ference 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 metering liquid I'lowrate, both liquid :feed and 

recycle, two rotameters (R-2-15-D) with glass and sapphire 

:flqats were used. Both ends o.f tho rotameter were joined 

to two pieces o.f hall 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 because di.ft'erent 

solvents and different iodine concentrations were expected 

to be used in this work. However, they acted as indicators 

:for constant :feedine- rate and the total sol11tion f'ed _into 

the reactor could be obtained from the buret readines. 

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 because either they are 

normally designed f'or a larger f'lowrate or they cannot 

resist the very corrosive nature of iodine solution and 

iodides. (Stainless steel is not suitable for long 

period of use). 



APPBNDIX F 

PHYSICAL CONSTANTS 013' CI-IE~ALS 

Some physical constants such as molecular weight, 

boiling point, melting point, G value and solubility will 

be given in this appendix for reference because they play 

a very important role in this work. The values are 

presented in two tables; Table F-1 gives the molecular 

weight, boiling point, melting point and G value of all 

chemicals of interest and Table F-2 eives the detailed 

solubility data for iodine and methane in various 

solvents. 

TABLJ~ F-1 

PHYSICAL CONSTAN'rs OF CHEMICALS 

Chemical Molecular 
~<feieht 

Melting 
Point(

0 c) 
Boiline G value 

Point ( 0 c) 

Benzene 78.12 5.5 80.l 0.59-1 .. 4 
Carbon tetrachloride 153.82 -22.99 76. 54 7.0 -25 
Ethyl iodide 15.5. 97 -108 72.J 2.7 
Hexane 86.18 -95 68.95 7.6 
Hydroiodic acid 127.91 -50.s -J5.J8 
Iodine 253.809 113.5 184. 35 
Iodoform J9J.7J - t2J Ca 218 
Methane 16. oL~ -184 -161. l.5 8.5 
Methanol J2.04 -9J.9 64.96 6.1 -15 
Methyl iodide tl.f. l. 94 -66 .lt 5 42. l .. 2. l~ 
Methylene iodide 267 .. 84 6.1 182.0 
Tetrachloroethene 165.83 -19 1.21 
Toluene 92.15 -95 110.6 0. tl-0-2. '-~ 

l , 2 ', .. 'rrichlorobenzenF: l8 l. h 5 16.95 213.5 
Trichloroethene lJl.39 -73 87 

160 
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TABLE F-2 

SOLUBILITIES OF IODINE AND METHANE 

Iodine Methene 
Solvent Solubility 0 Solubility 'l' oc Temp .. C _emp. 

{cc/cc of" s) 

Carbon tetrachloride 17.7 g/l 11 o.8to9 -19.8 
20 5 15 0.7621 0 
22.5 18 0.7271 20 
25.1 21 0.70Jl 40 
29.1 25 0.6878 60 

Methanol (Ethanol) 0. 56!•4 0 
16.72 Wt • ~1a 0 0. 4 564 20 
21.JJ 25 0. 39014 JO 
24.60 JS O.J164 40 

0. l44l~ 60 
0.0464 70 

Benzene 11.23 Wt • ~·; 16.J 0.5687 lJ.l 
14. 09 . 25 0.5680 20 
16.10 JO 0.5698 40 
20.05 l.io 0.5787 60 
25.51 so 

119.34 g/l 20 

Toluene J.56 g/l 25 o.454 50 

Hexane 0. 4 56mol. c;{, ·25 0.6035 22 

Chlorobenzene o.4802 20 
o. 4 71~s 99.6 

Tetrachloroethene 23.2 g/l 18 
25.9 21 
J0.6 25 

Trichloroethene 30.5 18 
J4. l 21 
J9.6 25 



APPENDIX G 

CALIBRATION OF GAS CHROMATOGRAPH 

It is generally accepted that the area under a 

chromatographic peak (A.) is proportional to the amount 
1 

or concentration (c.) of that com~onent in the mixture. 
1 

A. = f.(C.) 
1 1 1 (G-1) 

Thus if the proportionality :factor is known, the measured 

peak area can be converted to the concentration. 

Ma.ny techniques are available .for determining the 

peak area and the technique used in this work is to 
compute the area by m11ltiplying the peak height at maximum 

by the peak width at half height. This method was fairly 

accurate for the present work because the shapes of the 

peaks were close to a triangular shape {see Fig.13). 

The proportionality factor can be determined 

through calibration and there are various methods available 

for this kind of quantitative interpretation of the 

chromatogram.as outli.ned in (!~!~). The method used :for 

calibration in this work is the so-called internal 

standard method. 'l~his 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: 



Usine Eq.(G-1) 

A s = :f c s s 

= :f .C. 
1 1 

where the subscripts s and i re.fer ~o the internal 

standard and a particular component in the sample. 

Combining the above two equations, yields 
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A
5

/A. = (r /r.)(c /c.) 
1 s 1 s 1 (G-2) 

If a detector response factor of one (or 100) is assigned 

to the internal standard, i.e. r =l.O, then the response 
s 

.factor of'- component i can be- expressed rela-tively to that 

o:f the internal standard. Normally the concentration of' 

the internal standard is :fixed so that Bq.(G-2) can be 

simpli:fied to 

or C. = const.(A./A) 
1 1 5 

because the .fraction {c /f.) is constant :for a component. s 1 

Hence a- linear calibration curve plottihf,' (A./A ) aga-inst 
1 s 

c 1 can be established without actually determining the 

relative response .fRctor. However, this method of fixing 

the iftternnl standard concentration wns not carried out 

because in that case an extra component had to be 

purposely added to the snm~le. This added component 

might disturbed the orit;inal chromn.togran,i~. Therefore, 



in the present work, the relative response factor of each 

component was determined by rearranging Eq.(G-2) into 

Eq.(G-J) with f = 1. s 

( G-J )--

Or i:f the amount o-r comr1onent (such as number- of mole) is 

used, ~q.(G-J) can he written as 

f. = (A./N1)/(A /M ) 
1 1 s s (G-4) 

The internal standard in the present work was the solvent 

(carbon tetrachloride). Actually it was not a very good 

choice because various solvents were expected to he used. 

Nevertheless, it_was chosen because other candidates 

-cu
3
r, ·CII2 I 2 and CHIJ did not alway.s appear in a chrornato

gra~ and iodine peak sometimes would give tailing and 

made its area measurement inaccurate. Furthermore, if' 

other solvent is going to be used besides cc14 , it is 

not di-fficult to I'ind the relative response ~actor of 

this solvent comp;:tred with that of cc14 and then the 

response factors of other components can be corrected 

accordingly. 

Although the exact knowledge or the reproducibility 

of sample volumes is unimportant f'or this method, there 

--is a limited rane-e for the samy-)le volume beyond which the 



response :factor may no longer be constant. Also 

theoretically the response :factor is independent on 

the type o:f column used, temperature, attenuation, 

concentration of' the mixture etc., but in practice, it 

is reconunended _to keep the calibration conditions as 

close to the actual product analysis conditions as 
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possible. Thus, in this work, the effect o:f sample size 

on the response :factors was checked in order to determine 

the range of' sample size in which the resnonse :factors 

were practically constant. Then using this ran&e the 

calibration of' the detector response .factors :for CH
3
I, 

CH
2

I
2

, I
2 

were determined at operating conditions similar 

to those of the actual product analysis (see Section III-

4.J.2). 

G-1 E:f:fect of' Sample Size 

A 10 mitrolitre micro-syringe was used in this 

work. Three sample sizes, 4, 5 and 8 J..Ll were used to 

study this e.fI'ect. A solution with known amount of 

each component was prepared. Samples of 4, 5 and 8 }H 

were taken and injected into the gas chromatograph. The 

peak area o:f each component was measured and by using 

Eq.(G-4) the relative response ractor or each component 

was computed. The same procedure was repeat~d so that 

altoeether 6 samples were injectcd,2 samples ~or each 



166 

sample size. The results are given in Tab1e G-1. Since 

the values were somewhat scattered, especially .for the 

methylene iodide, it was rather dirricult, by looking at 

those values to d~cide whether or not the response .factors 

were a.f.fected by the injected sample size. Thus a 

TABLE G-1 

EFFECT OF SAMPLE SIZE ON THE RESPONSE FAC'rORS 

Component Sample Helative Response Average 
Size Factor f' 

CHJI 4 0.812 0.772. 
0.733 

5 0.755 0.796 
0.838 

8 0.852 0.806 
0.761 

CH
2

I
2 

4 .1.287 I.JOO 
l.Jl4 

5 1.287 l. J74 
I .1~ 62 

8 1.505 1.412 
l.Jl9 

I2 l~ 0.670 0.669 
o .. 668 

5 0.690 0.667 
0.61-1-1+ 

8 0.683 0.662 
o .. 61.il 



satisti.cal method of' testing the results was used to 

decide this. 

For each component, there were three means 
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which were obtained "from three groups _{or three injected 

sample sizes}. Bach group consisted of two samples 

(which theoretically should be the same). The t-test .for 

studing the dit"'fBrencc between two means (62 ,6:J) cou1d 

not be applied here because there were more than t·wo 

means to be comnarerl. If' the comparisons are marle two 

at a time, there are (n/2)(n-l) comparisons ror n means 

and it is sometirnes nossible to obtain a least sig-nif'icant 

di.f ference between two means simply because o.f the large 

number of coP1pari.sons even whP.n no di:fferencA exists ( 62). 

Thus the method o.f analysis of' variance was used, but a 

t-test was also used for comparing two m~ans from the 

f'our )ll and 8 pl samples. 

G-1.1 Analysis of variance 

The method of' analysis of variance :for comparison 

of several means is explained in-many satistical·texts 

such as ref'erence ( 62). It wi tl be presented here brief'ly 

in aymo:olicform and illustrated by applying to the present 

work. Wor a series of replicate data {e.e. number of' 

injected samples) taken at different conditions of some 

:factor G (e.g. dirrerent injncted sample sizes), the 



values can be presented as: 

TABLE G-2 

SYMBOLIC DATA FOR VAHIANCE ANALYSIS 

Group Gl 

Item in group -

Hun 1 xt1 

Run 2 x21 

No. of' run 

Total ('r) 

G2 

x12 . 
x22 . 

G n 

xln 

x2 

k 
n 

T 
n 

n 
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A table :for the analysis of' variance can then be set up 

as has been prepared by Volk (62) as shown in Table G-J. 

Following Table G-2, the present data can be tabulated 

as shown in Table G-4 for methyl iodide_. The data in 

the bottom part of Table G-4 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-J 

ANALYSIS OF VARIANCE 

Source Sum of' squares Degree o:f 
freedom 

Mean square or 
variance estimate 

Total 

Among 
group 

Within 
group 

L. x2 - {'2ix)2 

N 

2 (2:x)2 2: Ti 
k. N 

1 

Difference 

N 1 

n - 1 
Group sum of Sq. 

n - 1 

Dif:ference Difference sum of' sq. 

Differenc~ DF =_N - n 

where N is the total number of runs = 

TABLE G-4 

· DATA FOR VARIANCE ANALYSIS (CHJI) 

Group or 4 5 8 
sample volume (µl) 

Run 1 0.812 0.755. 0.852 
Run 2 o. 7JJ 0 ._8J8 - _o.761 

Coded data {multiplying each value by 1000) 

Group or 4 5 8 
sample volume (µl) 

Run 1 812 755 852 
-Run 2 7JJ 8J8 761 

Total (T) 1545 1.593 l61J 
}lean 772. 5 796.5 806.5 
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resulting variance by the square or this constant. nut 

since the F-test is a ratio of two mean squares, th8 coding 

factor will cancel. If ~ecoding is necessary, the coded 

value can be divided by the square 0£ the constant. 

The analysis of' variance f'or CHlI is shown in 

Table G-5 with the calculations given below the table. 

Since the calculated F was much smaller than the tabulated 

F value, at 0.05 levcl,there was no evidence of a factor 

among BToups which ca.used a variation in the results 

greater than that could be accounted for by the variation 

within groups. - In other- words, the-re wa-s - no- evide-nce- of 

injected sample size effect which caused an error in the 

f'inal result. The variation of' the response t"'actors 

cou1d be considered to be the variation within the group 

(or within a injected sample size). 

Similarly for methylerte iodide and iodine-, the 

calculated F's were Much smaller than the tabulated F at 

0.05 level. The calculated F's f'or methylene iodine -and 

iodine were 0.586 and 0.0402 respectively. Therefore, 

the same statement as CH
3

I could be made for CH2 I 2 

and I
2

• 

By procending :further, and -usinr.: the concept 

of' "wholly sie-ni fie ant di.f ference" ( wsn). it is possible 

to test whether or not the multiple means ~re diI'rerent 
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TABLg G-5 

VARIANCE ANALYSIS FOR CHJI 

Source Sum of square D.l". Mean sq. 

Total 

Among group 

J,77J,927-J,762,000=ll,927 

J,76J,221.5-J,762,000=1,221.5 

Within gro~p 11,927-1,221.5=10,705.5 

N = 6 

812 + 7 J J + • • • + 7 61 = ~~ ' 7 5 1 
2 2 (812) -+ ••• +(761) = J,773,927 

(4,751) 2 = 22,572,001 

22,572,001/6 = J,762,000 
N 

= 7,526,443/2 = 3,763,22t.5 
k 

Mean sq. (Among (~) 
= 

Mean sq. {within G) 

610.7 
= 3568.5 = 0.171 

5 
2 

3 

~rorn F- tahlA at 0.05 level, at deeree of freedoms or 

2 and J, the value of F is 

F = 9.55 0.05,2,:3 

610.7 

3568.5 



f"rom one another (62). The method is illustrated by 

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

From Table G-5 

-2( \ ,. mean square within group, S XJ = JSb8.5 

·• ·• · the pooled estimate of" standard deviation, 

s (x) ~ = 59.75 

k = 2 

the estimate of variance of the means, 

s(x)= s(x)/r-Jk = 59.75/rfi = h2.2 

n = 3 

v = N - n =J 

From Table of WSD/§(i), at n = J, v = J 

wsn/s(x) = 6.o 

ws]) -- ( 6 • 0 ) ( 4 2 • 2 ) = 2 5 J • 2 

By arranging the means (see Table G-4) in rank order 

(i.e. from small to large) the difference between the 

succeeding pairs is compared with the WSD as sho·Kn in 

Table G-6 

TABLE G-6 

WSD --ME"rHOD OF TBS'l'ING '1'HE ~fUL'rIPLE 

DI~'F:r:;IU~NCES- AMONG A NUMID~R OF MEANS (CHJI) 

Rank Group No. ~1ean Di:f.ference 

l l (4p.t) 772.5 21'. 0 
2 2 (.5 µ t) - 796.5 10.0 
3 J (8µ.1-) 806-. 5 

172 



17~} 

The dirferences between a~l the three groups were less 

than the WSD. Therefore it could be c·oncluded that the 

di:fference in injected sample size did not give results 

significantly different :from one another. 

Similarly, using the same method, it was found 

that for methylene iodide and iodide, the differences 

between the three groups were less than the correspcinding 

WSD's. Thus the same conclusion C 'Jllld be drawn for CH
2

I
2 

and I2. In short, the sample size had no ef .fect on the 

response factors f"or the rane;e o.f 1.J. )Al to 8 Jll. 

G-1.2 The t - test 

The t expression to test the difference between 

two means is as follows: 

t = 

where i
1 

and j 2 = two separate means 

n
1 

and n
2

. = numbe.r. o.f saMples 

(G-5) 

· S (X) = pooled estimate of s-tandard deviation 

or 
"' - 2 ~ ( - )2 L(Xi - Xl) - £, Xj - X2 

Thus by applying- this expression to the 1~ µ.l and 8 p.l 

sample sizes, the results are suMnarized 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' f_r~edom. Thus 

TABLE G-7 

THE t-TEST FOR TWO MEANS 

Component 

Sample size (pl) 4 4 8 , ... 8 

Mean .7725 

8 

.8065 1. 3005_ .662 

-2 ( S X) 

t 

t 
0.03)-,-2 

.00363 

l.lJ 

.0088J 

2.J8 

4.JOJ 

.00044 

0.667 

the null hypothesis that the two means are equal or H ; 
0 

;UL = µ
2 

was accepted. In other words, the mean obtained 

from the 4 )1-1 saniples could not be distinguisherl f'rom 

the mean obtained from the 8 ~l samples. 

G-2 Response factors of components-

The response of' the detector was calibrated with 

a mixture of all the components. The concentration of 

each component was kept in a range that the-actual 

concentration in the product stream would fall. The 

injected sample size was within the ranRe of 4 to Bpl, 

which had been proved (above) to have no ef'fect on the 



Sample 
No. 

1 

2 

3 

4 

5 

TABLg G-8 

Rr~SULTS O'F IU~SPONSE FACTOHS C.ALIBHATION 

Approx 
Component Sample Hole Mole Avefage 

i Size ~f, 1. 

CH
3

I 5 o. 2tl!~x10-J 0.082 0.858 

Cc14 0.2555 99.521 1.0 

I2 O. 7z.~4 7xl0-J 0.290 0.628 

CH2 I 2 
0. 274L~x lO-J 0.107 1.401 

CHJl 8 
_i~ 

0.036 o.9229x10 0.823 

cc14 0.2568 99.822 .1.0 
- 64 -L~ 

I2 2.8> xlO 0.111 0.616 

CH2 I 2 
-'~ 1.825 * o.799ox10 0.031 

CHJI 
4 -1 . 1..096 5· 1. l lJxlO -_ 0.721 

cc14 0.1011 97.046 1.0 

I2 o.7525x10-3 0.722 0.713 

CH2 I 2 
l • .18J5xl0-J 1.136 l.J05 

CHJI 5 O.J896xl0-J O.J82 0.793 

eel 1.006 98.742 1.0 
4 

o.442xlo-3 
I2 q.4J4 0.699 

CH2 I 2 
0 .Ii SOOxlO-J o.442 t. J29 

8 
. -4 

0.054 * 
CHJI 0.56J6xl0 1.289 

cc14 
0. lOl~ 5 99.795 l.O 

-'~ * 
I2 

o. 91~ 56x10 .. 0.090. 0.825 

CH2 I 2 
o.6422xl0-4 · 0.061 l.JJ4 

* . The values were slightly higher because th~ 
concentration was so small that the peak 
area was very small. Therefore the peak 
area rnens11re111ent would introduce some error. 
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responses. The !l"ii~ture for gas chromato{J;rnrh .calibration 

was prepared as described in Section III-4.1. The results 

of the calibration are shown in Table G-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. 

Table G-9 shows the response factors of the three 

components related to that ot' cc14 which was assigned as 1.0 

TABLE G-9 

RESPONSE ~ACTORS OF COMPONBNTS 

Component 

CH)I 

cc14 

I2 

CH
2

I
2 

H.P-sponse .factor 

0.797 

1.0 

0.671 

lo)J7 

+ Range 

0.723-0.858 (1.289) 

0.616-0.750 (0.825) 

l.28?-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 ror all the quantative 

analysis of the chromatograph of the product stream. 



APPE:N1>IX H 

SAMPLE CALCULATIONS F'OR QUANTITATIVE 

ANALYSIS OF PRODUCT 

The original design or the experiment was a continuous 

flow process with liquid samples withrlrawn solely :from 

the gas-liquid separator. In this case the analysis of' 

the conversion, selectivities and yields would be :very 

simple with thA response factors of' each component given. 

For example, by rearranging Eq.(G-4) to Eq.(H-1), it can 

be seen that the conversion of iodine, selectivities of 

(H-1) 

methyl iodide and methylene iodine can be expressed as 

follows: 

Conversion of' I
2 

i~ +~ +M ( ) 2~1·2 J remainding 

where M. = mole of component i. 
1 

Subscripts l, 2 and J represent cn3I, CH2 I 2 and I 2 

respectively . 

= 
.1.2 M /N + M /H · 1 s 2 s 

tM /M +H /M +M /M 1 s 2 s J s 

177 

(H-2) 

(H-J) 
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sl 
Ml 

= 
t Ml + M 2 

Ml/Ms 
= 

J._ Ml/Ms+ M2/Ms 2 

(H-4) 

s2 - , 

M2/Ms 

.1. Ml/Ms+ M2/Ms 2 

{H~5) 

(H-6) 

(H-7) 

Unfortunately this simple method was not applicable for 

the semi-batch process because for example in the over-

:flow semi-hatch process, there were three samples taken 

from three places - separator, trap and reactor. Certainly 

the three samples, can be lumped together he.lore a sample 

is taken for gas chromatograph analysis. However, this 

method has a disadvantaee that it will not reveal which 

saMpling place giv~s the most required product. Ttms 

an nlternative and lone-er method had to be used in the 

present work. This method involved the computation a.I 

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 o.f component i to solvent is shown 

in :l!~q. (H-l). I.f all the mole ratios are summed up and 

each mole ratio is then divided by the summation, the 

quotient will be the mole :fraction o.f that component in 

the sample. 

:Mole :fraction o:f i. 
M./M 

1 s 
( II-8) = 

~(M. /M ) Li 1 s 

Since the amount o:f sample in the present work was eiven 

as weight, the rwle ratio (M./M ) has to be converted to 
l. s. 

weight ratio by multiplying with a molecular weieht ratio. 

i.e. 

w s M s 

x 
MW. 

l. 

MW s 

Similar to the computation of mole fraction it can be 

shown that 

Wt. fraction of i = 
2:;~Mi} (Mwd 

(Mi) (MWi )/ ( Ns) (~Pd" s) 
= (H-9) -

Using this technique, the calculations, based on Hun JJ, 
are summarized in rrahle H-1. 



Item 

Ai/As 

N./M 
1 s 

Wi/Ws 

2:;W i/W s 

W.F. 

Total 
w. 

w. 

TABLE H-1 

QUANT IT ATIVF~ ANALYSIS OF PRODUCT STRgAM 

Ti'eed Reactor Separator 

12 I2 CHJI CH2 I 2 12 CHJI 

0.00602 .00859 .000753 .000518 .001617 .000898 

0.00897 .01279 .000945 .OOOJ87 .002409 .001127 

o. 01r~ so .02110 .000872 .000674 .003975 • 00101~0 

1. 01480 1.0226l~6 1.005015 

o.01t~58 .0206 .000853 .003955 .OOJ955 .001035 

J9.7J~65 25.61.91 5.4J80 

0.5795 

Note : 

f ·= 0.671 
12 . 

9 5277 

= 0.797 

M./M 
1 s 

W./W 
1 s 

w. li'. 

Total W 

.0218 .0169 .0215 .0056 

NNCHJI/!'iWcc.t
4 

= 0.923 

MWCH I /r-n'ccl = 1. 741 
2 2 4 

(#it: 

f'rom peak area measurement 

f'rom gq. (H-1) 

(M./M )(MW./MW) 
1 s 1 s 

· .from Eq• (H-9) 

Weie;ht of sample 
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'I'raE 

CHJI 

.001003 

.001258 

.001161 

1.001161 

.001160 

1.5075 

.0017 
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From these values the c·onvers ion of iodine, yields of 

products, radiation yields and a·iodine balance could 

be computed as follows 

(1) Conversion of I2 

Amount of unreacted I
2 

= 0. 54 92 gm 

or = 0.002164 gm-mole 

Amount of I2 in .feed = 0.5795 gm 

or = 0.00228.J gm-rnole 

= 0.002283 - 0.002164 

o.00228J 
= 0.0521 

(2) Yield ----
Amount of' CHJI produced = 0.0291 gm 

or = 0.0002050 ~rn-111ole 

Amount of' CII
2

I
2 

produced= 0.0169 gra 

or = 0.000063 gm-mole 

y 0.0002050 
0.0897 = ·-CHJI 0.002283 

y 0.000063 
= 0.0276 = CH2 I 2 (). 00228:3 

(J) G valuns 

DR 

G = 
6.02] x io23 x· 100 [i] 

D x [ 1 2] x 253, 809 

= 5.86 x 1015 eV/gm/sec. 

(see secti.on 
II-1.1) 

(Appendix B) 

5 8 ,,. io 15 2 ' J' £... x l() J 19 
D = . • '· b x . x x • " = l.~ • 2 2 x 10 " e V / g 
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Since this was a semi-batch process, the volume involved 

was the same .for i and r
2 

, assmning no lost of' 

solution. Thus concentrations could be replaced by the 

gm-moles. 

6.023 x io23 x 100 x 2.050 x io-4 

4.22 x 10t9 x 2.28J x~O-Jx 25J.809 

= 5 oo.o 

Similarly 

6.0~J x to25 x 6.30 x 10-5 

- IL 2;-;-~0l9. x 2. 28J x 10-Jx 25). 809 

= i 51..,. 0 

(4) Iodine balance 

Iodine used 

CHJI f'ormed 

Amount of I 2 in cn
3

r 

CH..,I . .:> :formed 
..._ lw 

Amount of I~ in CH~I2 /,;.. It::. 

Total I
2 

in io<lomethanes 

= o.000ll9 mole 

= 0.0002050 mole 

; 0.000l025 mole 

= < J • 0 C) (J () 6 3 0 n1o1 e 

= 0.0000630 mole 

= 0. oocn655 mole 

'fa error = 
0.00016,5 - 0.000119 

0.000119 
x 100 

= J8.l 'fo 


