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I. INTRODUCTION

Osaka Labofatory was founded in 1958 as a laboratory of
the Japanese Association for Radiation Research on Polymers
(JARRP), which was organized and sponsored by some fifty
companies interested in radiation chemistry of polymers. The
JARRP was merged with Japan Atomic Energy Research Institute
(JAERI) on June 1, 1967, and the laboratory changed its name
from COsaka Laboratory, JARRP to Osaka Laboratory for Radiation
Chemistry, JAERI. The research activities of Osaka Laboratory
have been oriented towards the fundamental research on applied
radiation chemistry.

The results of the research activities of the Laboratory
were published from 1958 until 1966 in the Annual Reports of
JARRP which consisted essentially of original papérs. During
the period between 1967 and 1973, the publication had been
continued as JAERI Report which also consisted mainly of
original papers. From 1974, the Annual Report has been
published as JAERI-M Report which contains no original papers,
but presents oﬁtlines of the current research activities in
some detail. rReaders who wish to have more information are
advised to contact with individuals whose names appear under
subjects. '

The present annual report covers the research activities
of the Laboratory between April 1, 1978 and March 31, 1979.

Most of the studies carried out in the Laboratory are
continuation from the previous year, emphasis being laid on

two fields; one is "Effect of radiation on the reaction of

carbon monoxide, methane and hydrogen" and the other, "Radiation

-induced polymerization by high dose rate electron beams”.

Our high dose rate electron accelerator (HDRA) has been
operated since May 31, 1975, and many results have been
obtained using the HDRA.

The studies have been carried out on radiation chemistry
of gas mixture of carbon monoxide and hydrogen in the presence

of various solids such as Fe-Cu-diatomaceous earths, silica
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gel, alumina, chromia-zinc oxide, or silver using electron
beams from the HDRA.

Extensive studies on the reaction with Fe-Cu-diatomaceous
earths reveal that the distribution of the products can be
explained as contributions of radiation chemical reaction and
catalytic reaction of gas mixture giving products, a part of
which further reacts on the catalyst or with radiations. The
presencé of silica gel, which is inactive to the gas mixture
below 350°C without radiation, gives hydrocarbon products when
the gas mixture is irradiated at 300°C. Further, branched
saturated hydrocarbons of C4 and Cg were found to form,
indicating that the acidity of the silica gel was increased by
irradiation.

The presence of chromia-zinc oxide or silver was found to
give small effects on the radiation chemical reactions of the
gas mixture. |

The studies on radiation chemical reactions without the
presence of solid have continued with attention laid particu-
larly to the formation of acetaldehyde. The effects of
temperature on G values of the products have been studied at
1000 Torr and 25 mole% carbon monoxide content under gas
circulation, and at 5000 Torr and 15 mole% carbon monoxide
content under static condition.

It was revealed that G(acetaldehyde), G(methanol), and
G(formaldehyde) increased with increasing temperature at 5000
Torr.

The G values of the products were obtained as a function
of pressure up to 10000 Torr under gas circulation condition
using a new apparatus designed for this purpose. Preliminary
results obtained for gas mixture containing 25 mole% carbon
‘monoxide indicate that the G values of acetaldehyde, formal-
dehyde, and methanol increasad with increasing pressure.

As a continuation from the study on radiation chemistry
of methane initiated in the previous year, studies have been
carried out on methane and binary gas mikture containing
methane and nitrous oxide or carbon dioxide. The G value of

ethylene formation was increased by 30% with the presence of
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1 mole% nitrous oxide, but decreased by addition of carbon
dioxide. Various oxygen containing organic compounds are
found to be produced and the formation of acetic acid from gas
mixture of methaﬁe and carbon dioxide is particularly interest-
ing from our purpose.

Measurements of W values have been made on gas mixture of
argon and ethane of différent compecsitions at elevated pressures
up to 7 atm. and a small increase of ionization efficiency was
found for the gas mixture containing more than 80% ethane by
increasing the pressure.

Coloration mechanism of cellulose triacetate (CTA) film
has been studied. The coloration of CTA film containing
triphenyl phosphate (TPP) was classified into two components:
one formed during irradiation and the other built-up gradually
after irradiation. The former is considered to be a contribu-
tion from color center formed in CTA, which is idéntical to
that formed in cellulose, and that from phenol and biphenyl
formed by radiolysis of TPP. The latter may arise from
reaction of NO, produced by irradiation of air with CTA and
TPP. '

Studies on radiation-induced polymerization of styrene in
carbontetrachioride and ethylene dichloride were continued.
Somewhat unusual expression adopted last year for the discussion
of the experimental results was revised and kinetic analysis
of radical and cationic polymerization advanced. One of the
important results concerning the radical polymerization in a
wide range of dose rate is that several orders of magnitude
greater number of initiating radicals are formed in radiation
polymerization than in conventional catalytic polymerization
and consequently termination by mutual reaction of growing
| radicals occur so frequently that the transfer to solvent
molecules, which is important in the catalytic polymerization,
can nct be detected.

It is well known that in the case of ionic polymerization
of styrene in bulk, termination with water and transfer to
monomer are dominant factors to influence the rate and degree

of polymerization. It is also the case in the solution
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polymerization of styrene in carbontetrachloride and ethylene
dichloride; however, it is probable that in the case of
carbontetrachloride, solvent molecules also participate in

" termination. '

In the course of the experiments on solution polymeriza-
tion of styrene, a small amount of n-butylamine, an inhibitor
to cationic polymerization, was added to the polymerization
mixture, and a very interesting effect was observed that the
rate of polymerization was not decreased.but increased by the
addition of n-butylamine. Though it was clear that the
presence of carbontetrachloride is an important factor to the
effect, studies on the binary mixture of styrene/n-butylamine
were taken up. So long as it is concerned with the rate of
polymerization, the results were not so dramatic in the absence
of carbontetrachloride. It was found, however, some interest-
ing phenomena, for example, formation of super polymer of
styrene with molecular weight about 106, and the existence of
two types of radical polymers.

Kinetic investigations have been carried out in bulk
polymerization of butadiene. The rate of polymerization
increased proportionally to dose rate in the wide range of
dose rate from 5 rad/sec to 2x105 rad/sec. Molecular weight
distribution of the products was independent of dose rate
giving a number average molecular weight of about 2500. The
products contain 75% 1,4- trans, 25% vinyl and no cis structure
and contain about 80% residual double bonds. Cross-linking was
found to occur in the polymer when the conversion exceeded 10%.

These results indicate that the polymerization proceeds
with cationic mechanism without contribution of radical mecha-
nism, and cyclization and cross-linking occur concurrently
with the polymerization by cationic mechanism. It was also
found that copolymerization with styrene and vinyl chloride
occurs, suggesting that improvement of some properties of the
butadiene oligomer may be possible by the copolymerization.

In an attempt to prepare fiber of géneral use by giving
heat resistance and flame retardancy to polyethylene, studies

have been carried out on grafting of acrylic acid (AA)} onto
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high density polyethylene filament by irradiating the polymer
immersed in the monomer., The rate of grafting was small at
room temperature, but by raising the irradiation temperature,
fiber of high deéree of grafting can be obtained. Microscopic
observation of the cross section of the grafted fiber revealed
that the graft percent increased gradually from outer to center
part of the fiber with increasing degree of grafting.

It was found that the heat resistance of the grafted
fiber was improved by the grafting of AA, but by converting to
poly(acrylic acid) - calcium salt, the grafted fiber of suffici-
ent heat resistance was obtained for the fiber of smaller
degree of grafting.

Studies in an attempt to prepare polymer having hydrophi-
lic and hydrophobic parts have been continued. This year, the
rate of grafting of AA onto polyvinyl chloride powder has been
studied under various reaction conditions, especiélly, the
composition of monomer solution {(water/ethylene dichloride
(EDC) /acrylic acid (AA)), and the adsorbability of metal ions
has been also investigated for the grafted powder obtained
under different reaction conditions menticned above.

The relationship between adsorbability and the reaction
conditions in which the grafted powder was obtained was
discussed in relation to distribution of PAA in the PVC
particle. The adscrbabilities were also examined for grafted
powder obtained from trunk polymers having different molecular
weilghts.

Administrative changes were made in the Laboratory on
October 1, 1978. Tomomichi Kasamatsu moved to Takasaki
Radiation Chemistry Research Establishment as the establishment
director and Yunosuke Oshima was appointed Head of the

Laboratory.
August 31st, 1979
Dr. Yunosuke Oshima , Head

Osaka Laboratory for Radiation Chemistry

Japan Atomic Energy Research Institute
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IT. RECENT RESEARCH ACTIVITIES

[1] Radiation-Induced Reactiong of Carbon Monoxide, Hydrogen,

and Methane

1. Irradiation of Gas Mixtures of Carbon Monoxide and

Hvdrogen under Circulation

In the last annual report, some experimental results were
described on the product yields under various conditions such
as composition of the reactants, pressure, and the presence or
absence of cold traps. As a continuation of this study,
experiments are carried out in order to know the product yields
as a function of irradiation temperature. The irradiations are
carried out using electron beams from the HDRA (0.4 MeV, 0.5 mA,
400 sec} and dose rate determined by N,O is 5.22 x lO-4 ev-mole
sec_l. The temperature during irradiation was kept at desired
temperature by using coolant of appropriate temperature. The
concentration of carbon monoxide, reactant pressure, and
irradiation time are 25 mole%, 1000 Torr, and 400 sec, respec-
tively. Two cold traps cooled by dry ice-ethanol bath were
inserted in the gas circulation system to remove condensable
products from the reactant to avoid further irradiation.

Non~condensable products in a circulating gas were
analyzed with a gaschromatograph on a Porapak Q column by
intermittent sampling during and after irradiation using a gas
sampler which is a part of the gas circulation system. Con-
densable products were found in the cold traps after irradia-
tion together with those collected in a series of cold traps
(-78°C and -196°C) through which the irradiated gas was
evacuated from the irradiation vessel after the final gas
sampling. The condensable products were subjected to gas-
chromatography and mass spectrometry.

The G values of the products are shown as a function of

irradiation temperature in Figs 1A, 1B, 2A, 2B, and 3 for

1
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- hydrocarbons, aldehydes and other oxygen containing products,
respectively. '

- As shown in Figs. 1A and B the G value of methane decreases
with increasingftemperature, while those of ethylene increases
with increasing temperature. The G value of ethane is independ-
ent of temperature. The G values of formaldehyde and its

polymers, trioxane (TOX) and tetraoxane (TEOX), decrease quite

0.7
0.6 &
0.5 | CHq
b Q
5 0.4 F
o]
O
M
&
v 0.3 F
0.2 F
0.1 F
CoHg
—{— {1 —{3 O—
9 | : 1 I ] | 1 |
-20 - 0 20 40 60

Irradiation temperature (°C)

Fig. 1A. G values of hydrocarbon products as a function of
temperature: €O content, 25%; reactant pressure,

1000 Torr; electron energy, 0.4 MeV; beam current,

0.5 mA; dose rate, 5.22 x 10_4 eV-NZO molec_l-sec ;

irradiation time, 400 sec; volume of the irradiation

vesgel, 7.1 L.
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similarly when the irradiation temperature increased from -20°C
to 15°C, (Fig. 2A and B) possibly indicating that precursors for
these compounds are the same. The G value of acetaldehyde
seems to be independent of temperature. The G values of the
other products (Fig. 3} are almost independent of temperature,
except for methyl formate, the'G value of which scatters, and
therefore no definite temperature dependence can be seen.

The temperature dependences of G values of some products
found in the presen£ study are different from those of earlier
study using static method in the condition that the products
were further irradiated in the reactant gas because no effort

was made to remove products from reactant gas by cold traps.

0.06
0.05 [~
0.04 }-
m C2He
4 (
3 U —{
o 0.03 | 0
&
[
0.02 |-
- CoH
0.01 2H4
: C3H8 _’___.____8__
/’” >
0 ! ! L L |
-20 0 20 40 60

Irradiation temperature (°C)

Fig. 1B. G values of hydrocarbon products as a function of
temperature: the reaction conditions are given

in the caption of Fig. lA.
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0.5 ~ CH3CHO
M TOX
! 1 Y 1 CH_*_(}_

-20 0 20 40 60
Irradiation temperature (°C)

Fig. 2A. G values of aldehydes as a function of temperature:

the reaction conditions are given in the caption of

Fig. 1A.
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0.10
")
O
5 0.05
O
5]
o)
0

~20 0 20 40 60

Irradiation temperature (°C)

Fig. 2B. G values of aldehydes as a function of temperature:
the reaction conditions are given in the caption of

Fig. 1A.

(See Fig. 17, JAERI-M 7899, p. 65.) ' For example, the G values
of formaldehyde showed positive temperature dependence, which
appears reversely in the present study.

The G value of acetaldehyde in the earlier study decreased
markedly with increaéing temperature, probably due tc the fact
that the acetaldehyde produced as converted to other compounds
by further reaction.

The temperature dependences of other compounds such as
methanol or TOX are the same with those cbtained at earlier
work. No data are available for hydrocarbons in the earlier
work to be compared with thé results obtained in the present
research.

The effect of addition of methane has been examined in an

attempt to improve selectivity of the radiation chemical



JAERI-M 8569
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Fig. 3. G values of oxygen containing products as a function
of temperature: the reaction conditions are given

in the caption of Fig. 1A.

reaction. When the concentration of methane was increased up
to 2.1 mole%, the G values of hydrocarbons increased by 50%
whereas the G values of formaldehyde, tetraoxane, water, and
carbon dioxide decreased. The G values of other compounds did
not change by the addition of methane.

(S. Sugimoto and M. Nishii)
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2. TIrradiation of Gas Mixtures of Carbon Monoxide and

Hydrogen at Elevated Pressure at Static Condition

We have examined the effect of electron energy on the
product yields and the product yields as a function of carbon
monoxide content in the reactant using eiectrons of 0.8 MeV
incident energy at elevated pressure of 5000 Torr.

For this purpose we used the irradiation vessel of 2.66 &,
the details of which were described in the last annual report.

Irradiations are performed by electron beams from the
HDRA (0.4 ~ 0.8 MeV, 0.1 mA}) for 1000 seconds on the gas
mixtures containing hydrogen and carbon moncoxide of various
compositions at -30°C. Dose rates absorbed by N,0 gas in
the vessel are estimated to be 0.60 x lO“4 and 1.77 x lO--4 ev-
moil_ecule_l-sec_l for 0.4 MeV and 0.8 Mev electrons,
respectively. '

After irradiation, the reactants and products in the
reaction vessel were pumped off through cold traps in which
condensable products were collected. The products recovered
from the cold traps were subjected to gaschromatography and
.mass spectrometry. The products which are not condensed in
the traps were not analyzed.

The product yields from gas mixture containing 15 mole%
CO are plotted as a function of electron accelerating voltage
in Figs. 1A and 1B, where all the yields of the products are
shown to increase with increasing accelerating voltage. This
result mainly comes from the fact that the range of electrons
in the gas mixture becomes longer to irradiate the gas more
uniformly as the incident electron energy becomes higher from
0.4 MeV to 0.8 MeV. Another factor to increase the yields
with increasing accelerating voltage is that the temperature
of the gas mixture increases since more energy is absorbed by
vessel wall when the incident electron energy increases. The
calculation of G values from this result revealed that the
changes of G values of these products due to the incident
electron energy are small, however.

The G values of the products obtained by irradiation at
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HCHO
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The yields of the products as a function of electron
accelerating voltage: CO content, 15 mole%;
reactant pressure, 5000 Torr; temperature, -30°C;

beam current, 0.1 mA; irradiation time, 1000 sec.
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The yields of the products as a function of electron
accelerating voltage: the reaction conditions are

given in the caption of the Fig. 1A,
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5000 Torr gas pressure are plotted against CO content in the
gas mixture in Figs. 2 and 3 for aldehydes and cycloethers and

for other oxygenated products, respectively.

°
- °
1.0 F
. o HCHO
(@ COoy
D 0.8
O
=
CH-CHO
S 0.6 3
am .
~ i o
© 0.4 L P
@ TEOX
- m]
0.2 /// TOX
° &
] | ]
1 1 { 1 XY el O0—

o 10 20 36 40 50 60 70 80

CO content (mole%)

Fig. 2. G values of the products as a function of CO content:
pressure, 5000 Torr; temperature, -30°C; incident
electron energy, 0.8 MeV; beam current, 0.1 mA;

irradiation time, 1000 sec.

The CO contents which give highest G values of the
products are 10% (all in mole?) for trioxane (TOX) and tetra-
oxane (TEOX), 45% for acetaldehyde and below 5% for formalde-
hyde. The maximum G values of methanol and methylformate +
acetic acid appear below 5% and at 50% respectively. The G
value of carbon dioxide becomes larger above 50%. 5Some of
these results, for example, GmaX (CH3CHO), are different from
the previous results obtained at the same pressure but with
the incident electron energy of 0.4 MeV, probably because of

poor penectrating power of 0.4 MeV electrons for gas mixture
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Fig. 3. G values of the products as a function of CO content:

the reaction conditions, see the captlon of Fig. 2.

containing carbon monoxide at higher concentrations.

(8. Sugimoto and M. Nishii)

3. Irradiation of the Circulated Gas Mixtures of Carbon

Monoxide and Hydrogen under Elevated Pressure

In the previous studies, it was found that the raise of
gas pressure was effective to increase space time yields of
the products, and the use of cold traps was also effective to
increase some products by preventing decomposition of the
products by repeated irradiation of the products. Therefore,
we made a new irradiation system which can irradiate circulat-
ing gas mixture under elevated pressures up to 10,000 Torr.

The irradiation vessel containg 8 ¢ gas mixture and has a

titanium window {(dimensions, 4 cm x 40 cm; thickness, 100 um)
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on top and a pressure sensor (Rose Mount Co., Alphaline type
1151GP and 1151 DP). The gas mixture is circulated by a
circulation pump (Aocki Mfg. Co., SG-2A-135) through the irradi-
ation vessel, two cold traps and a flow meter sensor (Hasting
H3M AHL-25P). A part cof gas stream flows through a gas sampler
to the gaschromatograph. All equipments can be remote-operated
during irradiation from the operation room of the accelerator
which is 20 m away from the irradiation area. The whole system
is composed of stainless steel and was evacuated helow 10_5

Torr before charging the gas mixture.

0.1 1 1.0
L e
CH
0.08 F 4 - 0.8
O
i O O 5 -
0O O
5 0.06 | < 0.6
Q
=
T | .
8]
O
)
0.04 b - 0.4
&)
0.02 F 4 0.2
O
I o S S o =
0 2 4 6 8 10

Total pressure (lO3 Torr)

Fig. 1. G values of the products as a function of reactant
pressure: concentration of CO, 25 moleZ;
temperature, -30°C; electron accelerating voltage,
0.8 MV; beam current, 2 mA; irradiation time,

400 sec.
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Irradiations are performed by electron beams from the
HDRA (0.8 Mev, 2 mA) for 400 seconds on the gas mixtures
containing hydrogen and carbon monoixde of various compositions
at -30°C. Dose'rate absorbed by - N,0 gas in the vessel is
estimated to be 7.88 x 10 ¢ ev.molecule L.sec”t.

After the irradiation, the reactants and products in the
reaction vessel were pumped off through cold traps in which
condensable products were collected. The products recovered
from the cold traps were subjected to gaschromatography and

1.0 |—
5 -
0]
=
Y n
Iy O
= 0.5 p—
v TOX 0 \

Total pressure (103 Torr)

Fig. 2A. G wvalues of the products as a function of reactant

pressure: for the reaction conditions, see the

caption of Fig. 1.
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mass spectrometry.
The G values of the products from the reactant containing

25 mole% CO are plotted against pressure of the reactant in
Figs. 1, 2 and 3 for hydrocarbons, aldehydes and cyclic ethers,
and other oxygen containing products, respectively.

As shown in Fig. 1, the G values of methane, ethylene and
propane are independent of the pressure, while the G value of
ethane decreases with increasing pressure. The G values of
formaldehyde TOX and TEOX increase with increasing pressure
(Figs. 2A and 2B); the G value of formaldehyde increases to

approach a certain value, while that of TEOX linearly increases.

(Product)
'_l
fan}

G

= CoH5CHO

1 i i e
0 2 4 6 8 10

Total pressure (103 Torr)

Fig. 2B, G values of the products as a function of reactant

pressure: for the reaction conditions, see the

caption of Fig. 1.
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Total pressure (103 Torr)
Fig. 3. G values of the products as a function of reactant
' pressure: for the reaction conditions, see the

caption of Fig. 1.

The G value of acetaldehyde increases with the pressure but
decreases above 6000 Torr (Fig. 2B), probably because the
irradiation temperature decreases above this pressure due to
recycled cold gas mixture from the cold traps, and it is known
that the G value of acetaldehyde decreases at lower tempera-
tures. The G value of methyl formate decreases and instead,
that of acetic acid increases with increasing pressure. The

G values of other compounds do not show apparent pressure
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dependence. (S. Sugimotc and M. Nisghii)

4, Irradiation of the Gas Mixtures of Carbon Monoxide and

Hydrogen 1in a Flow System

This section describes the radiation chemical reactions
of the CO-H, mixtures in the absence of solid catalyst, studied
as a blank experiment of the reactions in the presence of solid

1)

catalyst. In the previous studies carried out along the same
line, the analysis system employed did not allow accurate
determination of the yield of formaldehyde which is now known
as a dominant product from CO—H22). In addition, effect of
temperature on the product yields has not been studied yet.

The present study was carried out using a flow reactor,
FIXCAT-II. Product yields were determined as functions of
reactant-gas compogiticon (14 ~ 50 CO mole%), electron beam
current (1, 2 and 5 maA), and temperature of irradiation (65 ~
300°C; beam current, 2 mA). In addition to the gaschromato-
graphic analysis on Porapak @ columns employed in the previous
studies, the simultaneous analysis was made on Porapak N
columns equipped in a Shimadzu GC 7A gaschromatograph to obtain
accurate yield of formaldehyde. The response of formaldehyde
to the peak area recorded in the gaschromatogram by a thermal
conductivity detector was determined using an aqueous solution
of formaldehyde, the concentration of which has been determined
by the hydrogen bisulfite methodz).

The G values of the products obtained at electron beam
currents of 1, 2 and 5 mA are plotted against gas composition
in Figs. 1, 2, and 3, respectively, and the corresponding
product yields are listed in Tables 1, 2, and 3. It may be
seen from Fig. 1, that the G values of formaldehyde, methane,
and methanol have maximum values at 25, 30, and 10 mole CO %,
respectively. The G values of carbon dioxide and acetaldehyde
increase with increasing CO content up to 50%, above this CO
content the experiment being difficult because of clogging of

a transfer tubing connecting the reaction vessel and the gas
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0]
10 20 30 40 50
CO content (%)

G values of the products as a function of CO content:
electron accelerating voltage, 0.6 MV; beam current,
1 mA; scanning width, 16 cm; temperature, 66 ~ 68°C;

flow rate of the reactant, 100 ml/min.
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samplers by unidentified solid products. Similar relationships
between the G values of the products and gas composition can

be seen at the electron beam currents of 2 and 5 mA as seen
from Figs. 2 ana 3, although the G values of most products

decrease with increasing beam current. Fig. 4 shows the G

1.5

¢ (Product)

CO content (%)

Fig. 2. G values of the products as a function of CO content:
beam current, 2 mA; temperature, 92 « 98°C; for other

reaction conditions, see the caption of Fig. 1.
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values of the products as a function of the electron beam

current for the 1:6 CO-H, mixture. As may be seen from Fig. 4,
the G value of formaldehyde decreases markedly with increasing
beam current. Although.the dependence of the G values of other

products is not so great as that of the G value of formaldehyde,

G (Produdt)

Collg  HCOOCH3Z

CH3CHO
. IN\—
/) ==
g ———
0] 10 20 30 40 50

CO content (%)

Fig. 3. G values of the products as a function of CO content:
beam current, 5 mA; temperature, 148 ~ 159°C, for other

reaction conditions, see the caption of Fig. 1.
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Fig. 4. G values of the products as a function of beam
current: CO/H, mole ratio, 1/6; data in Figs.

1 through 3 are replotted.
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the G value of methane increases whereas the G values of the
oxygen-containing products decrease with the increase of the
beam current. It should be noted, however, that the G values
of the products at different beam current in Fig. 4 were
determined at different temperature of irradiation. Therefore,
the result in Fig. 4 should be regarded as a combined effect of

the beam current, i.e., dose rate, and temperature of

irradiation.
1.5
1.0+
i
13
=
e}
0
u
&
0.5
CH30H
A
M CH3CHO
1 i | ! ]
1.6 1.8 2.0 2.2 2.4 2.6 2.8

1/T (x103 k~1)

Fig. 5. G values of the products as a function of irradiation
temperature: CO/Hy mole ratio, 1/6; beam current,

2 mA; flow rate of the reactant, 100 ml/min.
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Figure 5 shows the effect of temperature on the G values
of the dominant products by irradiation of the 1:6 CO-H,
mixture with the beam current of 2 mA. The details of the
yields at three temperatures are shown in Table 1 in section 6.
It is apparent that the G value of methane increases whereas
the G values of the oxygen-containing products decrease with
increasing temperature. These trends gualitatively agree well
with those observed by increasing the beam current as shown in
Fig. 4. The effect of temperature observed may be due to the
fact that the reacticns of CO-H, producing hydrocarbons and
oxygen-containing preducts take place less favorablly at
higher temperature. The increase in the G value of methane,
on the other hand, may be ascribed to dehydrogenaticn or
dehydration reactions of the oxygen-containing products.

(5. Nagai, K. Matsuda, H. Arai and M. Hatada)

1) K. Matsuda, S. Nagai, H. Arai and M. Hatada, JAERI-M,
7355, 11 (1977).

2) S. Sugimoto, M. Nishii and T. Sugiura, JAERI-M 7898
(1978} .

3) S. Sigga, Quantative Organic Analysis, 2nd Ed., John
Wiley & Sons, Inc., New York (1954).

5. Radiation Effects on the Reaction of Carbon Monoxide -

Hydrogen Gas Mixture in the Presence of Fischer-Tropsch

Catalzst

Irradiation of C6-H, mixtures over Fischer-Tropsch (F-T)
catalyst would induce various reactions such as radiation
chemical reactions both in gas phase and adsorbed state.
Catalytic reactions over the catalyst would also occur due to
a temperature rise by irradiation with electron beams of such
a high dose rate as employed in our studies. In addition,
secondary reactions may be expected to occur, as shown

1)

previously in the conversion of formaldehyde and acetaldehyde

produced in gas phase by radiation to methanol and ethanol,
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respectively, over F-T catalyst. The present study was carried
out in an effort to elucidate the radiation effects on the
CO-H, mixture over F-T catalyst by comparing the product yields
with those by the catalytic reactions of the gas mixture over
the same catalyst and those by irradiation of the gas mixture
in the absence of solid catalyst.

The catalyst, reactor, flow system and product analysis
system used in this study are the same as described beforel).

Irradiation of CO-Hy mixture (1 :5) over F-T catalyst
produced hydrocarbons, methanol and acetaldehyde in addition
to COy and H,0. Formaldehyde was not produced in a detectable
amount, in marked contrast to the radiolysis in the absence of
solid catalyst. Fig. 1 shows the yields of dominant products
as a function of time after initiating irradiation with
electron beams of 1 mA, 2 mA and 5 mA. The maximum temperatures
of the catalyst recorded during the irradiation were 86°C for
1 mA, 142°C for 2 mA, and 308°C for 5 mA, respectively.

As may be seen from Fig. 1 a, the yield of CO, decreases
rapidly, while the yield of methanol increases with time. The
yields of hydrocarbons, on the other hand, increase gradually
with time. Similar behavior in the yield of each product is
alsc seen by irradiation with 2 mA (Fig. 1 b). When irradia-
tion was carried out with 5 mA (Fig. 1 ¢}, the yields of hydro-
carbons and CO, become two orders of magnitude higher than
those by irradiation with 2 mA.

Catalytic reactions of the same gas mixture over F-T
catalyst which were examined for comparison, produced the
products same as those by irradiation described above except
that organic oxygenates were detected only at reaction tempera-
tures below 200°C. In Fig. 2 are shown the product yields vs.
time after initiating the flow of the gas mixture over F-T
catalyst kept at three different temperature ranges.

Table 1 compares the product yields obtained with and
without irradiation. The yields in each case were determined
by analysis of the effluent at ca. 2 hour after initiating the
reactiormn.

By comparing the data by irradiation with 2 mA with those
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Fig. 1. Product yields vs. time after initiating irradiatiocn on
the CO-Hy mixture in the presence of Fe-Cu-KG catalyst.
Irradiations were carried out with 600 keV and (a) 1 mA,
(b) 2 mA, and (¢) 5 mA. (o) CH4, (0) CZH (&) CZH
(o) C3H (m) C3H6’ and (e) CH,OH.
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Fig. 2. Product yields vs. time after initiating the CO-H; flow
over Fe-Cu—KG catalyst. Maximum temperatures of the
catalyst were (a) 148°C, (b) 184°C, and (c) 312°C.

See legend to Fig. 1 for product notations.
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by catalytic reactions at 136 - 148°C, it may be seen that the
yields of methane, ethane and propane agree well, respectively,
in both reactions. The yields of olefins by radiolysis are
much lower than’those_by catalytic reactions. The yield of
methanol by radiolysis, on the other hand, is three times
higher than that produced catalytically, which may be explained
by the hydrogenation of formaldehyde produced in gas phase by
radiation to methanol over F-T catalystl).

A comparison between the product yields by irradiation
with 5 mA and those by catalytic reactions at 214 - 312°C shows
that radiation favors the formation of paraffins and reduces
the yields of olefins. In addition, organic oxygenates are
detected only in the radiolysis.

The agreement in the yields of paraffins between radioly-
sis and catalytic reactions indicates that most of the paraffins
produced by radiolysis may arise from the catalytic reactions
over F-T catalyst due to a temperature rise by irradiation.

The olefins produced catalytically would be hydrcgenated to
paraffins by radiation, which may explain the low yield of
olefins obtained by radiolysis. On the other hand, the yields
of oxygenates by radiolysis are higher than those by the
catalytic reactions but do not exceed those produced by
radiolysis of CO-Hy in the absence of solid.

In conclusion, radiation effects on CO-Hp mixture in the
presence of F-T catalyst may be accounted for by radiation-
induced reactions in gas phase, catalytic reactions due to
temperature rise by irradiation, and the secondary hydrogena-
tion reaction of aldehydes and olefins over the catalyst. 1In
other words, the presence of F-T catalyst does not enhance the

yields of products from CO-H, mixture.
(S. Nagai, H. Arai, K. Matsuda, M. Hatada)

1) S. Nagai, H. Arai, K. Matsuda, JAERI-M 7949, 14 (1978).
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6. Radiation Effect on the Reacticns of Carbon Monoxide-

Hydrogen Gas Mixturée in the Presence of Silica Gel

Our studies of radiation effects on CO-Hp mixtures in the
presence of solid catalyst have been carried out to find if it
is possible to maximise the yield of some desirable products
and the selectivity in the radiation-induced reaction by using
an appropriate catalyst. These studies, therefore, rely very
much on choice of solid catalyst to be employed. Previous

1)

studies of radiolysis in the adsorbed state demonstrate that
enhancement in the radiolysis yield is most prominent when
molecules to be studied are adsorbed on insulators such as
silica and alumina rather than metals or semiconductors. This
fact has been accounted for by energy transfer from irradiated
solid to adsorbed moleculesl), the efficiency of the process
being determined by the band .gap of the solid. ACcordingly,
it seemed of interest to study radiation-induced reactions of
CO-Hp mixtures over silica gel and alumina.

Experiments were carried out in the same flow system as
employed in our previous studies?’. Silica gel {(Mallinkrodt,
100 mesh) was outgassed at 450°C in vacuo for several hours
before use. The mixture of CO-Hy (1 : 6) was introduced at 100
ml/min to the reactor (FIXCAT-II) in which 2 grams of silica
gel were placed. Irradiation was carried out with electron
beams of 600 KeV and 2 mA from the HDRA.

Product analysis was made by two gaschromatographs eqguip-
ped with Porapak Q and Porapak N columns, respectively.
Product yields were determined from the concentration of the
products detected during irradiation and those desorbed by
argon gas stream passed over the irradiated solid after irradi-
ation. For comparison, studies were alsc carried out on
reactions over alumina (Nakarai Chemicals Co., 200 mesh).

In the absence of radiation, only small amounts of methane,
ethylene, ethane and propylene were detected in the gas stream
of the CO-Hy; mixture passed over silica gel kept at 350°C, but
were still lower than those produced by reactions of the gas

mixture over the walls of the reactor at the same temperature.



JAERI-M B569

This finding indicates that silica gel exhibits no catalytic
activity for the reactions of the CO-H; mixture without
radiation.

Reactions over silica gel were studied at two temperatures
of irradiation, 140°C and 295°C. The dominant products by
irradiation of the CO-Hy mixture over silica gel were low
molecular weight hydrocarbons together with carbon dioxide and
water. Table 1 shows the product yields in gram produced by
irradiation of 1 m3 reactant over silica gel together with
those produced in the absence of silica gel. It may be seen
from Table 1 that the yield of each hydrocarbon over silica
gel is more than an order of magnitude higher than that in the
homogeneous radiolysis, whereas the yields of formaldehyde,
methanol and acetaldehyde are much lower in the reaction over
silica gel.

~ The high yield of hydrocarbons is accompanied with the
high yield of COj; as may be seen by comparison of the data in
the homogeneous radiolysis and those by reactions over silica
gel in Table 2. This provided evidence that CO; is indeed one
of the by-products in the radiation-induced reactions producing
hydrocarbons. However, over silica gel the amount of CO,
produced is higher when the temperature of reaction is lower,
contrary to the amounts of hydrocarbons produced. That is, a
high yield of CO; does not necessarily mean a high yield of
hydrocarbons.

Table 2 shows a comparison of products obtained by
reactions of CO-Hj; mixtures. The hydrocarbon yield over silica
gel is much higher than the sum of the yields of hydrocarbons
and oxygen containing products in the absence of solid. There-
fore, it is not likely that most of the hydrocarbons produced
over silica gel would be formed by decomposition of organic
oxygen containing products produced in gas phase. The high
yield of hydrocarbons, instead, would be due to longer residence
time of reactant gases in the irradiation zone by adsorption on
silica gel, which results in higher irradiation dose compared
with the radiolysis in the absence of solid. Alternatively,

it would be due to efficient energy transfer from the irradiated
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solid to adsorbed molecules, which has often been invokedl) to
explain enhancement in the radiolysis yield in the adsorbed
state. |

One of the characteristics in the reaction producing
hydrocarbons over silica gel is the low yield of olefins as
seen from the values of mole ratio, olefin/paraffin in Table 2.
Similar values were obtained in the presence of alumina. In
addition, we have found that the olefin/paraffin ratio
decreases markedly when CO-H; mixture was irradiated in the
presence of Fischer~Tropsch catalyst which in the absence of
radiation, is an excellent catalyst producing olefins in high
vield as may be seen from Table 2. Accordingly, the observed
low values of the mole ratio may be ascribed to hydrogenation
reaction of olefins over the solid surfaces.

Another point to be noted in the reaction over silica gel
is the high yield of isobutane and isopentane. This finding
parallels the predominant formation of branched hydrocarbons
observed in the radiolysis of pentane adsorbed on silica gel3).
It has already been found that radiation generates acidity of
silica gel4) which is known to play an important role in the

isomerisation reaction of hydrocarbons.
(S. Nagai, H. Arai, M. Hatada)

1) J. G. Rabe, B. Rabe and A. 0. Allen, J. Phys. Chem., 70
1098 (1966); G. M. Zhabrova, V. I. Vladimirova,
B. Kadenatsi, V. B. Kazanskii and G. B. Pariiskii,
J. Catal., 6, 411 (1966).

2) S. Nagai, H. Arai, K. Matsuda and M. Hatada, JAERI-M
7949, 14 (1978).

3) J. W. Sutherland and A. O. Allen, J. Amer. Chem. Soc.,
83, 1040 (1961).

4) C. Barter and C.D. Wagner, J. Phys. Chem., 68, 2381
(1964) .
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7. Radiation Chemical Reaction of Carbon Monoxide-Hydrogen

GCas Mixture in the Presence of Chromia-Zinc Oxide

Catalzst

It was reported that'ionizing radiation affects the
catalytic reaction of carbon monoxide and hydrogen or decompo-
sition of methancl over chromia-zinc oxide or zinc oxidel}’z).
It is of interest to know whether the presence of these semi-
conducting solid catalysts affects the radiation chemical
reactions of the gas mixture of carbon monoxide and hydrogen
in comparison with the studies on the effect of insulating or
conducting solid catalysts.

Chromia-zinc oxide catalyst was prepared from chromic
acid and zinc oxide supplied by Merck, A.G. (purity, >99%) and
Nakarai Chemicals Co. (G.R.; purity, >99%), respectively, by
the method described by Y. Ogino3).

A known amount of catalyst was placed in a flow reactor,
FIXCAT-II, described in the previous sections4), the length of
the catalyst bed in the reactor being about 16 cm for chromia-
zinc oxide (ca. 7.3 g) and for zinc oxide (ca. 2.3 g). Carbon
monoxide and hydrogen were introduced into the reactor and the
flow rate of each gas was monitored separately with two thermal
mass flow meters (Ueshima-Brooks type 5810). The flow rate
ratio of hydrogen to carbon monoxide was kept constant at 2:1
throughout this experiment. The gas mixture was irradiated
with electron beams (0.6 MeV, 2 mA) from the HDRA. The bottom
of the reactor was cooled by running water (10°C) during
irradiation.

'The method of analysis was the same as that described in
the previous sections: two gaschromatographs, Shimadzu GC7A
and Yanagimoto GB80, eguipped with 2 m Porapak N and 3 m Porapak
Q, respectively, were used simultaneously to allow the analysis
of the irradiated gas within 30 min.

The data obtained at various reaction conditions are
listed in Table 1. Since adsorption and desorption of the
reactant and products gave slow change of the product concentra-

tion in the reacted gas with time, the data given in the table

- 41 -
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were taken from the data at steady state or at condition close
to steady state as possible. The yields of the products by
irradiation in the absence of solid catalyst are also listed
in the table from the data described previouSly?)

Methanol is a main product from the gas mixture when
chromia-zinc oxide catalyst is present at 209°C without irradia-
tion. Ethylene was also found to be produced catalytically
under this conditions, but the amount of this product is small.
By the irradiation of this system, various products which were
found in the radiation chemical reactions of the gas mixture
without solid were found to be formed.

The effects of the presence of the solid catalysts on the
radiation chemical reaction of the gas mixture were not large,
but it can be mentioned that the yields of hydrocarbons and
methanol were increased by the presence of the solid catalysts,
while those of formaldehyde and acetaldehyde were decreased.

When the residence time of the reactant in the reaction
zone was increased in the case of chromia-zinc oxide, most
product increased roughly proportionally to the residence time.
The amounts of acetic acid and carbon dioxide also increased
with increasing residence time, but in a way that the increased
amounts are less than those. expected from the proportionality.
The amount of water produced seems to decrease with the resi-
dence time, but this can not permit to conclude that longer
residence time is effective to reduce this unwanted by-product,
because the determination of water content in the reacted gas
is always accompanied by large error.

The presence of zinc oxide produced similar effects as
that of chromia-zinc oxide on the radiation chemical reactions
of the gas mixture. This result suggests that zinc oxide in
the chromia-zinc oxide catalyst plays an important role in the
"golid effect". This may be confirmed by comparison of the
above results to those which will be obtained in the further
studies on chromia catalyst. |

(M. Hatada, S. Nagai, H. Arai, K. Matsuda)

1) T, I. Barry and R. Roberts, Nature, 4692, 1061 (1959).
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2y A. J. Teller, F. L. Poska, and H. A. Davies, Int. J.
Appl. Radiation and Isotopes, 11, 123 (196l1).

3) Y. Ogino, Bull. Chem. Soc. Japan, 32, 288 (1959).

4) S. Nagai, H. Arai, K. Matsuda, and M. Hatada, This

report.

8. The Reaction of a Carbon Dioxide and Hydrogen Gas

Mixture by Electron Irradiation with or without

the Presence of Chromia-Zinc Oxide Catalyst

Carbon dioxide is one of the products having large G
values in some of the past studies of radiation chemical
reactions of gas mixture of carbon monoxide and hydrogen when
a solid catalyst is present. Carbon dioxide thus formed in
large quantity may further react with hydrogen. Therefore, it
is important to know the reaction of carbon dioxide and hydro-
gen-in the presence or in the absence of the solid catalyst.
Chromia-zinc oxide was selected in this study because this
catalyst was reported to promote the formation of methanol
from the gas mixture containing carbon dioxide and hydrogen.

The method of experiment was exactly the same as the
previous study. Carbon dioxide was obtained from Osaka Suiso
Ind. Co., and used without further purification.

Table 1 summarizes the results of product yields and G
values from gas mixtures of carbon dioxide and hydrogen by
electron irradiation without solid catalyst. The main products
are methane, ethane, propane, carbon monoxide and water, and G
values of the latter two are larger than those of the others.
The G values of hydrocarbohs are smaller than those reported
for gas mixture of carbon monoxide and hydrogen, and decrease
when the carbon dioxide content increases. The oxygen contain-
ing compounds found in the gas mixture of carbon monoxide and
hydrogen were not detected except for methanol.

The G value of methane obtained for the 1 :1 mixture in
the present study is close to that obtained by Mitsui, et al.l)

under similar reaction conditions but with the use of y-rays.
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However, higher G value was obtained for carbon monoxide in
the present sutdy.

Table 2 shows the yields of the products cobtained by the
reaction over chromia-zinc oxide with or without irradiation.
It is evident that zinc oxide has no catalytic activity for
the gas mixture below 150°C, but above 270°C, promotes reac-
tions to form lower saturated hydrocarbons, methanol, carbon
monoxide, and water. The irradiation with electrons (5 maA,
600 kev) further promotes the reaction, but it is noted that
the irradiation produces formaldehyde, acetaldehyde, and methyl
formate, which were found neither in radiation chemical
reactions of the mixutre without chromia-zinc oxide, nor in
the catalytic reactions over chromia-zinc oxide without
radiation. (H. Arai, S. Nagai, M. Hatada)

1) H. Mitsui and Y. Shimidzu, JAERI-M 7993,8(1978).

9. Radiaticn Chemical Reaction of Methane

As a continuation from the study initiated in the previous
yearl), the radiation chemical reactions of methane have been
studied over wide range of the dose.

The irradiation of methane produces hydrogen and higher
hydrocarbons, while the irradiation of the latter is known to
produce methane and to form cross-linked structure or double
bbnd structure. Therefore, it is interesting to know the
composition of the irradiated gas when methane is irradiated
with an extremely large dose of radiation. The G value was
calculated from the yield and radiation dose absorbed by the
system by usual method.

_ Takachiho "research" grade methane (>99.95 mole%) was
used without further purification. Irradiation of methane was
carried out using electron beams from the HDRA (0.6 MeV, 0.01~
10 maA) either under flow condition or, for extremely large
dose irradiation, under static condition.

In the irradiation under flow condition, a flow reactor,
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FIXCAT-II, which was used for irradiation of gas mixture of CO
and H, in the previous sections. The bottom of the reactor

was cooled by running water. Electron beam current employed
was altered from 0.0l to 10 mA, and correspondingly, the dose
rate and temperature as measured at the bottom of the reactor
changed from 0.018 to 18 Mrad-sec ' (from 3.56 x 10 ° to 3.56
X 10_2ev-molec“l-sec_1), and from 23 to 260°C respectively.

The temperature was below 60°C at a beam current below 1 ma,
however (Table 1). The flow rate was also altered from 10 to
100 ml-min—l,which gives the residence time in the reactor from
1.2 to 0.12 min. Analysis of the irradiated gas flowed out of
the reactor was carried out using two gas chromatographs
simultaneously on 3 m Porapak Q columns and on 2 m Porapak N
columns.

In the irradiation under static condition, a batch type
irradiation vessel of 7.1 & in volume, which had been used for
early irradiation studies on CO-H, gas mixtures 2[ The dose
rate received by methane in this vessel was calculated to be

1 -1 1 -1

5.54}{10_4 ev-molec -sec“l-mA or 1.69 Mrad-sec ~-mA ‘based

3)for 0.6 MeV electrons.

on NoO dosimetry assuming G(=~Np0) =10.0
The largest dose received by methane was 25000 Mrads. Pressure
change during the irradiation was monitored using a Univac
GD-B2 type pressure gauge. The average temperature during
irradiation was estimated to be 88°C by 3.5 mA electron beam
irradiation from the pressure increase. The temperature of

the vessel wall may not be uniform and some part of the wall
may be considerably high. Little pressure change due to the
irradiation was detected after the vessel was cooled down to
the room temperature. After the irradiation, the irradiated
gas was pumped into the gas samplers of the gas chromatographs.
The rest of the gas was removed at room temperature through
cold traps to collect condensable products which was analyzed
by a gas chromatograph on squalane capillary columns. Then

the irradiation vessel was disassembled to collect viscous
liquid and solid products on the vessel wall. The products
were scraped off from the vessel wall to be weighed. The

golid products were subjected_to infrared and MNR spectroscopy

- 48 -
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and the liquid was subjected to gas chromatography.

The G values of hydrogen and C, hydrocarbons obtained by
the flow technique under different beam currents and flow
rates are plotted as a function of dose in Fig. 1, and those
of C3 and C4 hydrocarbons in Fig. 2 and 3, respectively, and
the yields of the products in Table 1. Since the G values of
the hydrocarbons from methane are almost independent of tempera-
ture during lrradiation at temperatures below 120°C, and are
not strongly dependent on temperature bhelow 130°C l% the effect
of beam current on G values 1s considered to be due to dose

rate effect. As shown in Fig. 1, the G values of hydrogen and

\‘!'r——

0.1lmA H2 =

o 0o —OF 10ma ]
C - l mA ]
- 0.01ma |

0.1lma C2H6
1.0 - 10mA E

I 0.0lmA C2H4
0.1 E .01ma 1 ma
: 10mA
' I 1 ma

0.01 =
CoH2 10ma \\\k

1 L | 1 1 i | | | 1 |
0.001 ‘1018 1020 1021 1022 1023

-10.0

L hba

1

o laanld

1

G values
[

1 LlILHJ

Dose (ev.g—1)

Fig. 1., G values of hydrogen and Cy hydrocarbons as a function
of dose: (0) hydrogen; (O) ethane; (m) ethylene;
(4) acetylene. Dose rate, 1.211{1018 eV-g_l-sec_l
0.01 mA; 1.48x10%7 eveglisec! at 0.1 mA; 1.32x 10

eV-g_l-sec-l at 1 mA; 1.321(1021 eV-g_l-sec_l at 10 mA.

at
20

- 49 -



JAERI-M 8569

ethane are almost independent of dose regardless of the dose
rate over the dose range studied except those obtained at the
highest and lowest dose ranges. On the other hand, the G
values of unsaturated products such as ethylene and acetylene
decreased with increasing dose. It is noted that the curves
obtained at different beam currents are discrete, showing that
the G values are higher, compared at the same dose, when the
irradiation is carried out with higher beam current. Similar
tendency was also observed for C3 and Cy4 hydrocarbons as shown

in Fig. 2 and 3.

0.5 i 0.5ma 1ma C.H -

0.1 E e

] _

Q - 4
ja
—
o}

v 0.01 — -

W C ]

0.001 [ =

C 3

C N R R TS| Lo eyl ]

Dose (evV-g~1)

Fig. 2. G values of Cq hydrocarbons as a function of dose:

propane: (0} 0.5 mA, 6.68x1019 eV-g_]‘-sec_l;

(") 1.0 ma, 1.32 x 1020 ev.g~losec™l; (4) 10 ma,

1.32 xlOZl eV-g_l-sec—l; propylene: (@) 0.5 mh;

(¥) 1.0 mA; (&) 10 mA.
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- lIn.A —
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1

T 1T
||lllll
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0.001
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IIIIT]

|I|J|1|

1
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Fig. 3. G values of C; hydrocarbons as a function of dose:
circles obtained at 0.5 mA beam current; inverse
triangles, at 1.0 mA; trianges, at 10.0 mA; open
symbols denote n-butane, half-filled symbols,

i-butane, and filled symbols, l-buteme.

In Table 2, the concentrations of the irradiated gas
under static condition are given together with those obtained
with the largest dose under flow condition. The concentrations
of methane and main products are plotted in Fig. 4 as a func-
tion of dose. The concentration of methane was reduced to ca.
10% of the original one by 25000 Mrad irradiation, but the
concentration of hydrogen increases further at this dose.

Since the G value of hydrogen from methane (5.5) is not much
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Fig. 4. Concentrations of irradiated gas as a function
of dose: (o) methane, (O) hydrogen, (A)

ethane, (V) propane.
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Table 3. Material Balance of the Radiation Chemical Reactioms

' by 25000 Mrad Irradiation

Weight from

Products 10% reactant (g)
H, 1.12
CoHy 0.002
C2Hg 0.46
C3Hg 0.001
C3Hg 0.10
iso-CyHjp 0.04
n-Cy4Hyg 0.07
neo~CgHyp 0.01
? 0.003
iso-CgH12 . 0.07
h—C5H12 0.02
S0lid wax ' 1.74
Unreacted CHy : 0.94
4.576
CHg (before irradiation) , 7.14
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different from those of higher hydrocarbons (v6), this means
that most hydrogen increase at this dose may come from radio-
lysigs of higher hydrocarbons. The concentrations of ethane
and propane are increased to maxima by 10000 Mrads irradiation
and then decreased by further irradiation. No large discre-
pancies lie between the data obtained by the static technique
and those obtained by the flow technigue.

On careful examination of Table 2, one may find that
branched Cg hydrocarbon still increase with dose. This may
suggest that hydrocarbons higher than Cg may be still produced
by sacrifice of lower hydrocarbdns at this dose. It was
difficult to determine the amount of solid product because of
poor collection efficiency of the product, but 64% by weight
of the material reacted were recovered (Table 3). The rest of
the material may be assumed to be uncollected sclid. The
amount of solid thus roughly estimated agrees qualitatively
with the value extrapolated from the data obtained by Blake,
et al.3) |

Gas chromatogram of the clear ligquid indicated the
presence of branched hydrocarbons of Cg through C7 with the
lack of straight chain hydrocarbons. Infrared and NMR spectra
of the liquid‘and the yellowish wax-like solid (m.p., 35 n 50°C)
also show the presence of hydrocarbons, and no signals due to
compounds other than hydrocarbons were detected so far. The
formation and properties of the solid products are in progress.

{(H. Arai, S. Nagai, K. Matsuda, M. Hatada)

1) H..Arai, S. Nagai, K. Matsuda, and M. Hatada, JAERI-M
7949, 27 (1978).

2) S. Sugimoto, M. Nishii, and T. Sugiura, JAERI-M 7898,
{1978).

3) A. R. Blake, D. A. Hilton, and I. H. Robbins, J. Appl.
Chem., 17, 321 (1978).



JAERI-M 8569

10. Radiation Chemical Reactions of Gas Mixture of Methane

and Nitrous Oxide

In the studies of radiolysis of pure methane, ethane is a
dominant product over ethylene. Ethylene is assigned as a
primary product formed from excited ethane produced by a
reaction of two methyl radicals, but hydrogen addition to
ethylene followed to convert ethylene to ethane. In an attempt
to increase the yield of ethylene by scavenging hydrogen atom
by additive, the studies on radiation chemical reactions of gas
mixture of methane and nitrous oxide have been carried out.

The other purpose is to see whether organic oxygen con-
taining compounds are produced from the gas mixture of methane
and nitrous oxide by irradiation.

Takachiho "research" grade methane (purity, >99.95 mole%)
and nitrous oxide (purity, 99.5 mole%) were used without
further purification. Flow without circulation technique was
employed throughout the experiment. The flow rates of the
reactant were measured separately before mixing using two
Ueshima-Brooks thermal mass flow meters (type 5810). The gas
mixture was then introduced into a flow reactor, "FIXCAT-II",
which was used in the previous studies, and irradiated with
electron beams from the HDRA (0.6 MeV, 2 mA; dose rate, 7.33 x
10_3 eV.N20 molec t.sec™t.ma™l). The irradiated gas was led
. from the reactor to two gas samplers in series of gas chromato-
graphs through 20 m stainless steel tubing (1.5 mm inner
diameter), equipped with 3 m Porapak Q columns and with 2 m
Porapak N columns, respectively.

Fig. 1 shows G values of hydrocarbon products as a func-
tion of N0 content in the gas mixture. The yields of saturated
hydrocarbons decreased monotonously with increasing N,0O content,
while those of unsaturated hydrocarbons increased and then
decreased as the N,O concentration increases. The sméll
increaée of the yields of unsaturated hydrocarbons may be due
to the reaction of N0 with hydrogen atom which otherwise
reacts with double bond of olefins.

The G values of inorganic products are plotted in Fig. 2
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Fig. 1A.

20 40 60 80 10

N,0 content (mole?)

G values of hydrocarbons as a function of N30
content: beam current, 2 mA; dose rate for
the mixture containing 50 moleZ N,0, 1.51 x
1021 eV'g_l (25 Mrad); flow rate, 100 ml/min;

residence time, 0.12 min; temperature, 73°C.
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0.10 7
¢ —
I CoHg ]
- ® ]
0.05 — ® —
. ——
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NoO content (mole%)
Fig. 1B. G values of hydrocarbons as a function of N,0

content: the reaction conditions are given

in the caption of Fig. IA.
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Fig, 2A. G values of inorganic products as a function of
N-O content: the reaction conditions are given

in the caption of Fig. 1A.
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G value

0 20 40 60 80 100

NoO content (mole%)

Fig. 2B, G values of inorganic products as a function of
N,0 content: the reaction conditions are given

in the caption of Fig. lA.

as a function of N5O content. The G value of Hp decreases
sharply with the addition of small amount of N,0, indicating
that N,O reacts with hydrogen atom contributing to the increase
of yields of olefins described above. The following linear
decrease with increasing N30 concentration may be due to
dilution of methane as the hydrogen source. Sharp rise of
G(Np) at small concentration of N;0 corresponds to the sharp
decrease of G(H,)} supporting the above observations. |

_ G values of other inorganic products have maxima at
certain N50 concentrations and become zero at both 0 and 100%
N,O. o

Various oxygen containing products such as acetic acid,

methyl acetate, methanol and ethanol are formed in the gas
mixture by irradiation. The G values of these products are
plotted against N,0 content in Fig. 3. The maximum G value
appears at 30 mole% N0 for acetic acid, at 80% for methanol,
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1.2 T T T T T T
L YA CH3COOH .
CH3COOCH3
0.8
0.4
0
0

N30 content

Fig. 3. G values of organic oxygen containing products as
a function of NpO content: (0) methyl acetate,
(@) methancl, (A) acetic acid, (O) ethanol; the

reaction conditions are given in the caption of

Fig. 1A.
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Table 1 The Yields of Products per One kWh Energy
Input from CH4—N20 Gas Mixture

N5O content (mole%) ' 30 80
Products ' Yields (g)
Acetic Acid : 24.7 7.9
Methyl Acetate 0.0 16.6
Methanol 1.43 106.5
Ethanol : 1.5 0.5
Carbon Monoxide 4,2 8.0
Ethane 14.6 0.2
Ethylene ' 0.8 0.2

at 85% for methyl acetate and at 15% for ethanol.

The G values of the pioducts can be converted to the
yield in g-kWh_l uﬁit by multiplying 0.374 and molecular
weight. The maximum.yields of the corganic products are shown
in Table 1 in order to give rough indication of energy balance.

The reaction mechanism which explains the relationships
between G values and N20. concentration is not known at present
and will be cbnsidered systematically later when data will be
accumulated for gas mixtures containing other dxygen contain-
ing additives. '

(H. Arai, S. Nagai, K. Matsuda, M. Hatada)

11. Radiation Chemical Reactions of Gas Mixture of Methane

and Carbon Dicxide

Studies have been carried out on the irradiation of gas
mixture of methane and carbon dioxide. The first purpose 1is
to know if it is able to enhance the yield of ethylene by
scavenging hydrogen atom formed as a primary product of the
methane radiolysis. The second one is to synthesize C, and
still higher oxygen containing compounds from the gas mixture

of methane and carboeon dioxide.

- 64 -
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The method and technique are the same as the previous
section. Carbon dioxide is obtained from Osaka Suiso Industry
(purity, 99.9 mole%). Methane is obtained from Takachiho
Chemical Co. ({(purity, >99.95%).

In this study, beam current, electron energy and flow

rate were kept constant at 2 mA and 100 ml/min, respectively,

G values

I_J

0 20 40 60 80 1003
COo coqtent (mole%)

Fig. 1A. G values of saturated hydrocarbons as a function of
CO5 content: {0) ethane, (A) propane, (O) n-butane;
beam current, 2mA; dose for 1:1 (by vol) mixture,
1.85 x 1022 eV-g'l (24.6 Mrad); flow rate, 100/min;

residence time, 0.12 min.
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and concentration of CO, in the feed gas was altered. The
dose absorbed by gas mixture was a value between 23 and 30
Mrads depending on the composition.

The G values of the products are shown as a function of

carbon dioxide content in Fig. 1, 2, 3, 4, and 5, for saturated

+

T T | I
a _
0.1 ]
453
0]
:1 - —
-
m
> —t——
o 0.05
4 ﬁ
i | |
0 20 40 60 80" 100

Coy content (mole%)

Fig. 1B. G values of saturated hydrocarbons as a function of
CO0y content: (O) n-butane, (@) i-butane, (V)
i-pentane. The reaction conditions are given in the

caption of Fig. 1A.
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hydrocarbons, unsaturated hydrocarbons, aldehydes and alcohols,
organic acids, and inorganic products, respectively. In Fig.
1, it is noted that the G values of ethane and n-butane
decrease monotoﬁously with increasing CO, content, while those
of propane and i-butane were increased by addition of CO, and
then decrease with increasing CO, content.

The G values of unsaturated hydrocarbons seem to decrease
with increasing CO, content as shown in Fig. 2, and no enhance-
ment of olefin yields was cobserved by CO, addition. Instead,

various oxygen containing compounds were found to be formed as

0.05

"G values

0 20 40 60 80 100
~ COp content (mole%)

Fig. 2. G values of unsaturated hydrocarbons as a function

of CO, content: (0) ethylene, {(®) acetylene, and

2
{#) propylene. The reaction conditions are given

in the caption of Fig. 1lA.
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shown in Figs. 3 and 4.

In Fig. 3, the G values of alcohols and aldehydes are

plotted against CO, content. Alcohol and aldehyde having one
carbon atom have maximum G values at higher concentration at

about 80 mole%_CO2 content than those having two carbon atoms
(ethanol and acetaldehyde) which gave the maximum G values at
40 and 60%, respectively.

Figure 4 shows the G values of organic acids as a func-

tion of CO, content in the gas mixture. The G values of formic

‘acid and acetic acid become maximum values of 3.8 and 2.8,

0.20 ! T T T T T T i

)
Q
=]
o
S 0.10
&
0.05
0 :
-0 ' 50 100
COp content (mole%)
Fig. 3. G values of alcohols and aldehydes as a function of

€Oy content: (o) methanol, () ethanol, (@)
formaldehyde, and (@) acetaldehyde. The reaction

conditions are given in the caption of Fig. I1A.
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[3%]

Fig. 4.

CO, content (mole%)

G values of oraganic acids as a function of COy
content: (m) formic acid, (©) acetic acid,

(A) propionic acid. The reaction conditions
are given in the caption of Fig. 1lA.

Chain lines are taken from reference 1; (F)
formic acid, (A) acetic acid and (P) propionic

acid.
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respectively, at CO, content of 90 mole%. The G value of
propionic acid, which has more abundant hydrogen in a molecule
than the former two, shows maximum at 65 mole%. Similar
results were reported by Kuklin, et al.l), but their G values
are lower than ours. The amount of these organic acids
produced by 1 kWh energy absorption are given in Table 1 for
rough indication of energy balance which is quite reasonable
for our purpose.

The G values of inorganic products are plotted against
CO, content in Fig. 5. It is noted that G value of carbon
monoxide formation from CO, is also increased considerably by
addition of 10% methane. The G value of hydrogen also is
decreased by the addition of carbon dioxide, but the decrease

151~

10

G values

] H ] ] l I 1 ]
0 20 40 60 80 100

COp content (mole%)

Fig. 5. G values of inorganic products as a function of 002
content: (0) hydrogen, (A) carbon monoxide, and
(r1) water. The reaction conditions are given in

the caption of Fig. 1lA.
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Table 1. The Yields of Products per One kWh Absorbed Energy

CO, content (mole3) 40 90
Products Yields (g)
Methanol 0.6 1.2
Ethanol 2.6 0.3
Formaldehyde 0.2 0.9
Acetaldehyde 0.4 0.3
Formic Acid 0 63.1
Acetic Acid 9.9 57.9
Propionic Acid 4 4.3
Carbon Moncxide 18 48.9

of G(H,) value is not larger than that expected from simple
dilution of methane as hydrogen source. This finding means
that carbon dioxide is not reactive with hydrogen to scavenge,
and .does not contradict with the fact that no enhancement of
olefin formation was observed by addition of carbon dioxide.
(H. Arai, S. Nagai, K. Matsuda, M. Hatada)

1) Kuklin, et al., Khimiya Vysokikh Energii, 10, 286-9
{1976) .
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[2] Polymerization of Vinyl Monomers by High Dose Rate

Flectron Beams

1. Radiation-Induced Radical Polymerization of Styrene in

Carbontetrachloride and Ethylene Dichloride

1}

It was shown in the last annual report that styrene
(moderately dried} produced by irradiation not only in bulk
but also in carbontetrachloride (CTC) and ethylene dichloride
(EDC) three kinds of polymers, which can be fractionated and
detected easily by GPC curves. They are oligomer, radical and
cationic polymers.

Figure 1 shows, by an example carried out at room tempera-
ture with a dose rate of 6.3 x lO4 rad/sec, rates of the total,
radical and ionic polymerization in dependence on the styrene
content (vol%) for styrene/CTC. It may be seen from the curves
that the rates of both the radical and ionic polymerization
become several times greater by an addition of 20 vels CTC:;
after passing a maximum the rates decrease rather gradually.
Even at a very low content of styrene, such as 20%, the rates
are nearly so high as styrene in bulk. EDC shows similar
effect as CTC, however, it is less remarkable than the latter.
It is seen clearly that CTC and EDC are not simple diluents
for the polymerization. _

Some detaills of the feature of the experiments and a short
discussion of the analysis of the results have already been
given in the last annual report, where some unusual way of
expression of the experimental results was adopted; this is
revised and the present paper deals with kinetic analysis of
polymerization of styrene in styrene/CTC and styrene/EDC by
radical mechanism.

In the case of radiation induced reaction of a binary
mixture, there is some difficulty to carry out a series of
experiments of different styrene/halogenated hydrocarbon
mixtures at the same dose rate of the absorption energy of

radiation. Therefore, for convenience, the irradiation of a

- 72 -
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series‘éf mixtures was carried out at a constant dose rate
which corresponds to a certain value of the absorbed energy
for pure styrene, and the value is simply designated as the
dose rate. '

Important experimental aspect for the analysis is that
the rate of radical polymerization (R) is proportional to the
square root of the dose rate (I) at any styrene content as

shown, for the case of styrene/CTC, in Fig. 2 v Fig. 4. The

Radical M

Rate of polymerization, mole/%&/sec

] | l J
100 80 60 40 20 0

Styrene, vol®

Fig. 1. Rates of total, radical and ionic polymerization of
styrene in dependence of styrene cont. of styrene/

CTC.. Dose rate, 6.3 x 104 rad/sec.

- 73 =
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Rate of polymerization

Rate of polymerization (mole/%/sec)
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[ 1 ] | ] |
1 10 102 103 10%  10° 10

10

Dose rate (rad/sec)

Fig. 2. Rate of radical polymerization of pure styrene in

dependence on the dose rate.

1072

1073

1074

107°

1078 |

|

L 1 1 L L l -
1 10 102 100 10t 10°  10°

Dose rate (rad/sec)

Fig. 3. Dose rate dependence of radical polymerization of

styrene for 80 and 60 vol% styrene in styrene/CTC.
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! | | L |

1 10 102 10° 4 10

10 10

Rate of radical polymerization {mole/%/sec)

Dose rate {rad/sec)

Fig. 4. Dose rate dependence of radical polymerization of

styrene for 40 and 20 vol%Z styrene in styrene/CTC.

experiments cover a dose rate range from 2.5 rad/sec to 6 X
lO6 rad/sec and styrene content from 100 to 20 vol percent.
The system of styrene/EDC gives similar results.

The scheme of the radical polymerization may be expressed
by the following equations, where M, M., S and S- mean styrene
molecule, styrene radical, solvent molecule and solvent

radical, respectively.

Initiating radical formation:

M AVWW—s M. (1)

S MWW—> 3. (2)
Growth

M. + M ——> My- (3)

S« + M —> G5SM- (4)
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If we neglect the possible difference of the reactivities
of M- and 8- and denote both the radicals with a common nota-

tion Q} then we can express termination as follows:

Termination

Q- +Qr —> Q0 - Q (5)

In the case of catalytic radical polymerization it is
well known that termination is predominantly a coupling of two
growing radicals. In the present case also equation (5) was
used for the termination.

Concerning chain transfer reaction it was pointed out
that CTC was a very strong transfer agent for the catalytic
polymerization of styrene. In the mechanism of radiation
polymerization it is quite natural to take similar transfer

into account.

Transfer

Q- + S =0 + S- {6)

Kinetic equations may be expressed as follows, and the
equation for the rate of polymerization derived under assump-

tion of a stationary state.

Rate of initiating radical formation:

arg-1  _

3t (@m[M] + @SIS]) I - (7)

where [0-], [M] and [S] are concentrétions in mole per liter
of Q, M and S respectively, @m and @S are the rate constants
of free radical production of the monomer and solvent,

respectively per unit dose, and I is the dose rate in rad/sec.

Rate of polymerization:

d[M]
at P
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Rate of termination:

_ _4afg-1 _ .12 |
= ki [Q] (9)
The stationary state is (7) + (9) = 0, and the concentra-

tion of the free radicals is found to be

[01% = (e Ml + 9Is]) (10)

Putting {(10) intc {8) we obtain:

1/2

_ 1/2
R = k(M) (I/ke) ™% (e (4] + o_[S]) (11)

1/2

The equation shows that R is proportional to I , which
agrees with experimental results shown in Fig. 2, 3 and 4.

The rate of bulk polymerization Ry ig obtained by putting

[s] = 0 in the above equation.
_ 3/2 1/2
where [M],. is styrene content in mole/4 of bulk styrene.

0
From equations (11} and (12), the following relation is

obtained, which enables us to find the numerical value of

¢s/®m graphically.

R ,2, Mp 3 ¢s 8]
( RO) ] ) o (] )
Figure 5 shows the plot of (R/RO)Z([M]O/[M])3 - 1 against

[s1/[M] for styrene/CTC.

According to the equation the plots are expected to give
a straight line, whose inclination corresponds to @S/@m.
Though the scattering of the points is somewhat large, it may
.be regarded to be due to experimental error. The experiments
were carried out at three different dose rates, that is at 2.5,
2.2 x.102 and 6.3 X 104 rad/sec; @S/Qm is found to be 43
independent of the dose rate. It means that CTC produces 43

times larger number of initiating radicals than styrene by a
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7
100 b
8 /0 = 43 O
3 i
=
~
= A
Z 5oL
o™~
©
&
o VAN X
o~ O JAN
x
0 . | | 1 H
0 0.5 1 1.5 2

[81/[M]

Fig. 5. Dependence of (Ri/RO)z([M]O/[M])3 on [S1/IM] in
styrene/CTC. Dose rate: (o) 2.5, (x) 2.2 x 102,
and (A) 6.3 x ]_04 rad/sec.

unit dose.

Similar plot for styrene/EDC at a dose rate of 2.5 rad/
"sec is shown in Fig. 6. Scattering of the points is much less
in this case and @S/¢m is found to be 10.

For the discussion of chain transfer, it is necessary to
know the degree of polymerization. Though chain transfer has
no effect on the rate of polymerization, it has essentially a
great effect on the degree of polymerization.

Stable polymer molecules are formed not only by termina-

tion but also by transfer. The rate of stable polymer
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(R/Rg) 2 ([M]y/[M])3

(s1/[M]

Fig. 6. Dependence of (R/RO)Z([M]O/'[M])3 on [81/[M] in
styrene/EDC for the radical polymerization.

Dose rate: 2.5 rad/sec.

formation may be expressed as follows:

Rate of stable polymer formation (mole/i/sec)
2

=k [Q-118] +(k /2)[0Q-] -y

Degree of polymerization P isg obtained by dividing the
rate of polymerization R with the rate of stable polymer

formation as follows:
1/2  _1/2
1 kep[S1 0 Xk T og [s] 1/2
= ckr 2, Ct V2428 2 (15)

P kplM] 2k, [g)1/2 m dm [M]
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In the case of the bulk polymerization equation (15} is

reduced to

1 kt1/2 I1/2

1/2
= o (le)
Po 2kp [M] 01/2 m
From equations (15) and (16) we obtain,
2 k [Mlg 1/2 o 1/2
0 _ ktr [S) . 0, Lo¥s IS1 (17)
P p Ml U [M] m [M]

Po/P is the ratio of the degrees of polymerization of the
bulk to solution polymers, in other words it is the ratio of
the numbers of polymer molecules per unit volume of the sclu-
tion to bulk polymers. The first and the second terms of the
right hand side of equation (17) correspond to the numbers of
polymer molecules produced by the transfer and termination,
respectively.

All values in the equation except ktr/kp are known either
by experimental conditions or as experimental results. As a
trial we have calculated the value of the second term and
compared it with the experimental value of Py/P for styrene/
CTC at a dose rate of 2.2 x lO2 rad/sec. The results are as

follows:
Styrene cont. vol$% 80 60 40 20
vValue of 2nd term 4.2 7.6 13.9 3.2
PO/P 3.7 6.2 14.5 (24.6)

As may be seen, the calculated numerical values are, with one
exception, nearly the same as to the observed values of Po/P;
it means that the term of transfer is too small to be detected
because termination by mutual reaction of growing chains far
exceeds the former.

If we neglect, therefore, the first term of equation (17),
it is simplified to,

Pn 2 ' o
(—2 [M])=1+ 3 3] (18)
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By plotting (P,/P)2([MI/[M],) against [S]/[M] straight
lines are obtained both for the case of styrene/CTC and
styrene/EDC as shown in Fig. 7 and 8. And further, the values
of @s/ém were found from the inclination of the curves to be
47 and 8 for styrene/CTC and styrene/EDC, respectively. The
agreement of these values calculated from the degrees of
polymerization with the values of 43 and 10 obtained from the
rates of polymerization may be regarded to be satisfactory.

The most important feature of the radiation induced'
solution polymerization of styrene in CTC and EDC is that
~about 50 and 10 times greater number of initiating radicals

100 -

(Po/P)2 ([M]/[M]g)

oy 1 L 1
0i 0.5 1 1.5

[s1/M]

Fig. 7. (PO/P)Z([M]/[M]O) in dependence on ([S]/[M]) for the
radical polymerication of styrene in styrene/CTC.

Dose rate: {(0) 2.5 and (%) 2.2 x lO2 rad/sec.
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Fig. 8. Dependence of (PO/P)/([M]/[M]O)2 on [S]/[M] in

styrene/EDC for the radical polymerization.
Dose rate: (0) 2.5 and (@) 4.3 rad/sec.

are formed by irradiation from CTC and EDC than from styrene.
Initiating radicals grow and the termination by mutual inter-
action of the growing radicals occurs so frequently that the
transfer to solvent molecules, which is important in the
catalytic polymerization can not be detected. The feature is
not changed in a wide range of dose rate i.e. from 2.5 rad/sec
to 6 x 106 rad/sec and styrene content from 100 to 20 vols.
(I. Sakurada, J. Takezaki, T. Okada)

1) 1. Sakurada, J. Takezaki, T. Okada, JAERI-M 7949, 38,
52 (1978),

- B2 -
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2. Radiation-Induced Cationic Polymerization of Styrene in

Carbontetrachloride and Ethylene Dichloride

In the preceeding report experimental results and discus-
sion of radical polymerization of styrene in CTC and EDC were
described. 1In the above experiments cationic polymerization
also takes place simultaneously; the higher the dose rate, the
larger the amount of cationic polymers. The present paper
deals with the kinetics of cationic polymerization of styrene

in CTC and EDC. :
Only a little is known about the kinetics of radiation

induced ionic polymerization of vinyl monomers in solution]J.
Essential problem of the solution polymerization is the

contribution of solvent molecules to each step in the

. 107tk
O
[}
a
-2
T 10771
- QO
-
g
~ 1073 b
ol
8]
s
p -4
N 10 -
A
9]
1]
3
-5 |
4 10
o,
b
1078 |
Q
S
[1s]
m
1 i 1 | 1 1
1 10l 102 103 10% 105 108 107

Dose rate {rad/sec)

Fig. 1. Dose rate dependence of ionic polymerization of pure

styrene: (0) styrene/CTC and (®) styrene/EDC.
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polymerization i.e. initiating ion formation, growth (propaga-

tion), termination and transfer.
To give general aspects of ionic solution peolymerization,

dogse rate (I) dépendence of the rates of polymerization (R}

for styrene/CTC of various styrene contents, i.e. from 100 to

20 vol% are shown in Fig. 1, 2 and 3.

It may be seen from the figures, that in all cases 'the
plots of R against I are straight lines, which show direct

proportionality of R to I. The results suggest that mechanism

of the solution polymerization is essentially the same as that

of the bulk polymerization so long as it is concerned with the

rate of polymerization. Therefore the steps of the polymeriza-

tion may be described as follows.

1071

-2 L
5 10
o
L
4]
o -3 L
g 10
0]
g
-
° —4
S 10 -
[ @)
rt
5
A 1072 [
Y4
0O
4]
10 6
o

t ] 1 | ]
1 10t 102 10 10%* 100 10° 107

- Dose rate (rad/sec)

Fig. 2. Dose rate dependence of ionic polymerization rate

of styrene for 80 and 40% styrene content in

styrene/CTC.
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Fig, 3. Dose rate dependence of ionic polymerization rate
of styrene for 60 and 20 voli styrene in

styrene/CTIC.

Initiating ion formation:

M AMW—> MT
+ (1)
g "NYIVWNW—  §
where M, M+, s and st are monomer, monomer ion, solvent and
solvent ion, respectively.
Both M" and s* participate in the growth.
Growth
M++M———->M; (2}
sT 4+ M — sM' (3)
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In the bulk polymerization of styrene, water contained as
impurity in styrene plays a dominant role in the chain termina-
tion. In the solution polymerization water contained in

solvent also has to be taken into account.
Ion + Hy0 —> M, + fragment (4)

+ + . +
where Ion means M or S , however the concentration of S may

be regarded to be far lower than that of Mn+. In the case of

solution polymerization termination with a solvent molecule

may occur.
Solvent termination
ion + § —> M, + 8! _ (5}

It is well known in the case of bulk polymerization, that

monomer transfer is important.

Monomer transfer

+ +

M, + M —> My + M (6)
Further it may be eventually possible that solvent transfer
also occurs.
Solvent transfer
+ o+
M, + 8 — M, + S {7)

Though transfer has a great effect on the degree of polymeriza-

tion (P), it does not change the rate of polymerization because

the concentration of growing ions is not changed by transfer.
Kinetic equations for the polymerization are derived from

the above reactions.
Initiating ion formation

d[Ion]

at = (@m[M] + @S[S}) I (8)
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where symbols with brackets are concentrations in mole/s of
the respective substances, e and @s are the rate constants of
ion formation of the monomer and solvent respectively per unit

dose, and I is the dose rate in rad/sec.

Rate of‘growth (polymerization)

R = - —gé%l— = kp [Ton] [M] (9)

Rate of termination

d[Ion] _
- Ky, [Tonl [Hy0] + ktS[Ion][S] (10}

where k, and ktS are rate constants of water and solvent
termination, respectively. Water comes from monomer and
sclvent.

[H,0] = w[M] + ufS] (11)

where w and u are water content in mole per one mole monomer
and solvent, respectively.
Stationary state of ion concentration is obtained by

equating (8) and (10)

s [M] + o_[S]

[Tonl = 3 WTHT + (kg0 ¥ Keg) (5]

I (12)

The rate of polymerization is expressed as follows.

R =

kn{opIM] + ¢g[8])
[ T [M] (13)

p
KW Ml + (Ko ¥ Kpg) [S]

The equation indicates that R is directly proportional to I
when the polymerization is carried out at constant solvent
content of the solution. This is in good agreement with the
experimental results shown in Fig. 1, 2 and 3. However, it is
difficult to find values of @S/ém and kts from equation (13).

To obtain further information from experiments, degrees
of polymerization can be utilized. Theoretically degree of

polymerization is calculated by dividing the rate of
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Fig. 4. Dependence of (1/P - ktm/kp) on [8]/[M] for the iomnic
polymerization of styrene/CTC: dose rate, 6.0 x 105

rad/sec.
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Fig, 5. Dependence of (1/P - ktm/kp) on [S]/[M] for the ionic
- polymerization of styrene/EDC: dose rate, 6.0 x 10°

rad/sec.

polymerization with the rate of stable polymer formation.

Stable polymers are formed by reactions shown in equations (4),

(5), (6) and (7). The final equation obtained as 1/P is
1 Xim Kix 1 [S]
R R " Xy (hpy + keg T Kivgs) 73 (14)

where ki,g 15 the rate constant of solvent transfer. The
above equation means that the plot of 1/P - ktm/kp against
[8]1/[M] is a straight line. The value of ktm/kp is known from
our earlier experiments 2)to be 1.70 X 10-3, so that the plots
may be easily drawn. Two examples, one for styrene/CTC and
the other for styrene/EDC, are shown in Fig. 4 and 5. It may

- B9 -
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be seen that the experimental wvalues agree satisfactorily with
the theoretical equation.

The values of (kip/kp)w are found from the figures in
both the cases to be ca. 2 x 1073

earlier experiment. And w i.e. mole water contained per mole

i Kex/kp is 1.37 from our

styrene is found to be 1.46 x 10_3; this is reasonable as a
conventionally dried styrene.

Discussion concerning the third term of eq. (14) is
difficult but trial calculations show that (kig + kirg) can
not be neglected to kiyu in the case of styrene/CTC. When we

do a simplification, that only termination is effective to the

24 -~

i

S 20 - O
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- Fig. 6. Dependence of (R/[M]I)(1/P - ktm/kp) on [S]/IM] in
styrene/CTC for the ionic polymerization at a dose

rate of 6.0 x lO5 rad/sec.
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reaction and neglect kipg in the third term, then we can

combine eq. (14) with (13), and arrive at the following

relation.

X
R L 1= . (15)

(— - ——

I[M] P kp m s [M]

Now it is able to plot the left hand side of the equation

against [S8]/[M] to find ¢g. Figure 6 shows the plot; op, ?g

and ¢g/0; are 1.8 x 107°°, 7.2 x 10_12 and 4, respectively.

1t is noteworthy that @S/¢m for initiating ion formation is
much smaller than that for initiating radical formation.
In the case of EDC, it can or probably contain more water

than CTC and kiyxu is solely responsible for the slope of the

curve in Fig. 5. In this case also eg. (15) may be used and

the values found from the curve shown in Fig. 7 are ¢, = 1.8 X

(R/[MITO(1/P - kip/kp) x 1012

(s1/[M]

Fig. 7. Dependence of (R/[M]I)(1/P - ktm/kp) on [S8]1/{M] in
styrene/EDC for the jonic polymerization at a dose

rate of 6.0 x 106 rad/sec.
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10712, o5 = 14 x 10712 ang e /0, = 8.

It is necessary to carry out further experiments to
elucidate the kinetics of the radiation-induced polymerization
in detail, the general feature may be however summarized as
follows. By radiation CTC and EDC produce more initiating
ions than styrene. When (@S/®m)ion is compared with
(Qs/@m)radical the ratios are almost the same in the case of
styrene/EDC; the ratio for the ionic initiation is however
much smaller than that for the radical initiation in the case
of styrene/CTC. The initiating ions grow to form polymers.
Reaction with water which is contained in monomer and solvent
as an impurity is important for termination. Monomer transfer
of styrene plays also an important role. It is also probable
that chain transfer by solvent has an effect in the case of
CTC, though it could not be detected in the case of EDC.

{I. Sakurada, J. Takezaki, T. Okada)

1} I. Sakurada, J. Takezaki and T. OCkada, JAERI-M 7949,
38, 52 (1978)

2) J. Takezaki, 7. Okada and I. Sakurada, J. Appl. Polymer
Sci., 21, 2683 (1977); 22, 3311 {(1978).

3. Radiation-Induced Solution Polymerization of Styrene

in n-Butylamine

In the course of the experiments on the radiaticon-induced
polymerization of styrene in carbontetrachleride (CTC)l),
small amount of n-butylamine (BA), an inhibitor to cationic
polymerization, was added to the polymerization mixture.
Strange to say, the rate of polymerization was not decreased
but increased by the addition of n-butylamine.
| Figure 1 shows the compariscn of the rate of polymeriza-
tion of styrene in styrene/CTC in the presence and absence of
BA. The polymerization mixture contained 20 vol$% styrene, the
amount of added BA is 1 mole/%, and the polymerization carried

out at a very wide range of dose rate at room temperature.
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Fig. 1. The rate of polymerization of styrene-CCl, mixture as
a function of dose rate: styrene content, 20 volZ%;

{(A) no additive, (©O) n-butylamine (1 mole/%).

It is clearly seen that the polymerization rate with BA is 15
~ 30 times and 60 ~ 70 times greater than that without BA at
lower and higher dose rates, respectively.

Though it was clear that CTC played an important role in
the reaction, fundamental studies on the solution polymeriza-

tion of styrene in BA was taken up first.
Polymerization of styrene in binary mixtures of styrene/

BA of different styrene content i.e. from 100 to 20 vol% was
carried out at a dose rate between 0.75 rad/sec and 6.0 x 106
rad/sec. The rates of polymerization, Rp as a function of the
composition of the mixtures are shown in Fig. 2 for various

dose rates of irradiation.
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Fig. 2. The rate of polymerization of styrene/BA as a function
of styrene content at different dose rates:
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p's decrease with

decreasing content of styrene in the polymerization above 1.2

It may be seen from the figure that R

x 103 rad/sec, though some increase at 20 vol% is observed in
the case of polymerization at a very high dose rate such as
6.0 x 10° rad/sec and 6.0 x 106 rad/sec. When the dose rate
is low, Rp‘s increase a little when styrene content drops from
100 vol% to 80 vols.
dramatic feature such as observed in the case of an addition
of BA to
orders of magnitude by the addition of BA.

It may be sgaid that the curves show no

styrene/CCl4, where Rp increased about one or two

GPC analysis of molecular weight distribution of the
products obtained in the experiments in Fig. 2 is carried out.
Fig; 3 shows GPC curves of polymers obtained by irradiation at
a dose rate of 1.2 x 104 rad/sec for 250 sec at room tempera-
ture. It is known from our previous investigatioﬁs l)of
polymerization of styrene in bulk approximately the same

amounts of radical and cationic polymers are formed. The

uppermost curve is that for 100 vol% styrene; the fractions
shown by dotted lines are from the left to the right oligomer,

radical polymer and cationic polymer, respectively. 1In all

mixtures which contain BA, fraction of cationic polymer almost

completely disappears; new peaks which appear at higher mole-

cular weight will be discussed later.
Another example of GPC curves is shown in Fig. 4; the
irradiation was carried out at a dose rate of 2.4 x 102 rad/

sec for 2100 seconds. Cationic polymer is not detected at

such a low dose rate, and as expected oligomer and radical

polymer are formed as main products. However, it is noteworthy

that distinct peaks appear at molecular weight about a million.
Such a peak in GPC curve was first observed in the pclymeriza-
tion of water saturated styrene at dose rates greater than 10°

rad/sec; the fraction was called for convenience super polymer.

The super polymer is formed not
impurity in styrene but also by
ethylene

methanol, acetic acid,

benzene, benzene and DPPH etc.

necessary to employ irradiation

only by water contained as an
many other impurities such as
glycol, nitrobenzene, chloro-
In all these cases it was

of higher dose rates. It is,
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. |
; 3 I 1 1 )
102 103 104 10° 106 107

Mcolecular weight

Fig. 3. GPC curves of polymers obtained from styrene/BA
mixture at different styrene contents in volZ:
(a) 100, (b) 80, (c) 60, (d) 40 and {(e) 20;
dose rates, ]..21{10!+ rad/sec; irradiation time,

250 sec.
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Fig. 4.

10 10 10

Molecular weight

GPC curves of polymers obtained from styrene/BA
mixture by irradiation at different styrene
contents in veol%: (a) 100, (b) 80, (c) 60,

{(d) 40 and (e) 20; dose rate, 2.4 x 102 rad/sec;
dose, 0.5 Mrad.
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therefore, very important that styrene produces super polymer
in the presence of a large amount of BA by irradiation at such
a low dose rate as 2.4 x 102 rad/sec. The formation of the
super polymer is observed even at a dose rate as low as 0.75
rad/sec, when the mixtures contain BA in an amount above 40
volg.

It is further interesting that there is an indication in
GPC curves of Fig. 4, as shown by dotted lines, that a new
peak appears between peaks for oligomer and radical polymer.
The indication becomes more prominent when the polymerization
is carried out at still lower dose rate.

Figure 5 shows the aspects and nature of the new peak of
GPC curve more clearly. The polymerization was carried out at
a dose rate of 0.75 rad/sec for 3 x 102 sec. As is seen from
the uppermost curve, 100 vol% styrene shows only oligomer and
radical polymer. When styrene/BA of 80 vol% styrene content
is used, the new peak appears between oligomer and radical
polymer clearly. By an addition of a small amount of a radical
scavenger, 2.5 X lO'2 mele/? of DPPH, to the above mixture both
the peak of radical polymer and new peak disappear. Therefore,
it is very prcobable, that the new peak is due to radical
polymerization. If this conclusion is right, we have to
differentiate between two types of growing radicals.

The lowest BA content in the above polymerization was 20
vols (2.03 meole/%); experiments were, therefore, undertaken to
know the effect of very small amounts of BA to the polymeriza-
tion of styrene. The concentration of BA in the mixture was
varied between 1.00 x 10”2 mole/% and 2.03 mcle/?. The dose
rate was 2.1 x 10° rad/sec, the irradiaticn was carried out for
100 sec. Though the details of the experimental result are not
given in this paper, it was found that the GPC curves below BA
concentration of 2.28 x 1073 mole/t were consisted of three
parts that is oligomer, radical and ionic polymers; the amount
of oligomer increased with increasing concentration of BA.
Above 2.54 x 107°
decreased to a greater extent and a new peak whose existence

mole/ % the amount of cationic polymer

was already indicated in Fig. 3 appeared distinctly. The peak
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Fig, 5.

Molecular weight

GPC curves of polymers obtained from styrene/BA
mixture by irradiation with or without the presence
of additive: . {(a) styrene content, 100 volZ%, no
additive; conversion, 6.70%; (b) styrene content,
80 vol%; conversion, 19.8%; (c) styrene content,

80 vol¥%; 2.5 xlO_z mole/f DPPH; conversiom, 0.906%;

dose rate, 7.51{10_1 rad/sec; deose, 0.23 Mrad.
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Fig. 6. The rate of polymerization of styrene as a function
of BA content (mole/f): dose rate, 2.1 x 10°

rad/sec.

is located at a molecular weight about 105, and it is considered,

for the present, to be different from the peak of the super
polymer which is located at a molecular weight of 10, when
styrene with 2.54 x 1071 mole/f% BA is irradiated after an
addition of 2.5 mole/2 DPPH all peaks except that of oligomer
disappear.

Dependence of the rate of polymerization of styrene on
the content of BA is shown in a log-log scale in Fig. 6 for a
very wide range of BA content i.e. between 104 mole/s and 10
mole/%. Polymerization rate is almost constant between 1074
and 10_3 mole/%, where oligomer, radical and cationic polymers

are formed; the rate drops between 1 x 1073 and 2.54 x 10~
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mole/% due to the inhibition of cationic polymerization.
Between 3 x 10”3 mole/% and 2.54 x 1071
merization and oligomer formation take place and the rate is

mole/% radical poly-
almost constant. At higher concentration of BA larger amount
of oligomer is formed while the amount of radical polymer
remains almost unchanged. (J. Takezaki, T. Okada)
1) TI. Sakurada, J. Takezaki, and T. Okada, JAERI-M 7949,

38 (1978).

4. Effect of Additives on the Polymerization of Styrene

Attempts to promote the rate of polymerization;of styrene
with cationic mechanism are made by two different ways,
additions of emulsifiers and electron acceptors.‘

It seems likely that an addition of emulsifier to monomer
forms water—-in-oil type micells resulting a decrease of the
concentration of dispersed water in the polymerization system.
With all of four emulsifiers used, it has been well known the
formations of micells in non-polar solvents and we actually

confirmed that they all can solubilize water in styrene.

Emulgen-910 (Kao-Atlas Co.): polyoxyethylene
nonylphenylether (n=10)

Emulgen-913 (Kao-Atlas Co.): the same as above {(n=13)

Neocol-P (Dai-ichi Kogyo Seiyaku Co.}:
di (2-ethylhexyl) -sodium

sulfosuccinate + methanol-water

Neocol-SWC (Dai-ichi Kogyo Seiyaku Co.): the same as

above + isopropanol-water

All of these emulsifiers are heated in vacuum to eliminate
water and alcohol as possible. Styrene is purified by ordinary

method and dried by CaHj.
In Table 1, polymer yields in the presence of emulsifiers
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Table 1. Polymer Yield (%) in the Presence of Emulsifiers

Irrad. time [Emulsifier] (mole/%)
(sec) 1.0x1072 1.0x1073
Emulgen-910 1,000 31.8 4.5 7.3
-913 400 5.1 4.8 2.7
Neocol-P 400 5.1 3.1 2.9
-SWC 400 6.1 3.4 3.7

Dose rate, 8.8 x 104 rad/sec; temperature, 25°C.

are given. Since maximum water content in styrene is ca. 0.03
mole/%, emulsifier of 10'2 u l()_3 mole/% is presumably enough
to form micells in styrene. . In no case, however,'increase of
the polymer yield by the additives was found. This is probably
because that water concentration in the monomer is too low to
form micells and these emulsifiers themselves act as inhibitor
for the cationic reaction as well as water molecules still
included in these additives.

It was recently reported that the rate of cationic poly-
merization was increased by the addition of electron scavengers
as pyromellitic dianhydride (PDAH);) and p-benzoguinone (BQ)Z).
However, the promotion effect of Rp seems to be limited in low
monomer concentration in polar solvent at low temperature. In
this work, therefore, effects of additives are studied at two
monomer concentration, 0.6 and 2.0 mole/t% in methylene
dichloride solution at -78 and 0°C. For the ease of experi-
ments, y-irradiation is used at the dose rate of 31 rad/sec.

PDAH, BQ and chloranil (C) are used after sublimation in
vacuo. In Table 2, polymer yields at -78 and 0°C are shown.

To avoid irreproducibility in Ry, all the polymer yields in
the presence of additive are compared to its corresponding
blank values, which are obtained at the same time as the
samples containing the particular additive. The figures in

parenthesis are somewhat unusual values compared with other
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Table 2. Polymerization of Styréne in the Presence of Electron

Acceptors in CHoCl, Solution [Acceptor]=0.022 mole/%

Polymer yield(%) R

o Temp. [St] p Change
Additive ( , .
{egC) (mole/%) Blank additive ratio in MWD
PDAH -78 0.6 2.0 26.2 13.1
BQ -78 0.6 1.8 15.0 8.3
C -78 0.6 (14.6) 14.5 (1.0) X
PDAH -78 2.0 16.8 34.3 2.0 0
BQ -78 2.0 21.2 5.9 0.5
C -78 2.0 {5.5) 13.7 {2.5) 0
PDAH 0 0.6 3.0 4.2 1.4 0
BQ X 0.6 4.5 7.1 1.6 0
C . 4.4 - ‘
PDAH 0 2.0 1.8 2.6 1.4 0
BO 0 2.0 (5.0} 4.1 (0.8) X
2.5 1.5

C 0 2.0 1.7

Dose rate, 31 rad/sec; Irrad. time, 4 hrs.

two Elank values. At -78°C and [St] = 0.6 mole/%, additions
of PDAH and BQ enhance the polymer yiéld greatly. MW's of the
products are ca. 300 in the absence of additives and it exceeds
105 in the presence of PDAH and BQ. When [St] i1s increased to
2.0 mole/%, increase of the polymer yield is found by PDAH
addition but MW of the product, ca. 2 x 10° remained unchanged.
With other two additives, the polymer yields are much less
than that with PDAH., At 0°C, in most of all cases, the polymer
yield 1is enhanced slightly by the additives though the yields
are much reduced that at -78°C. The MW distributions of the
products are generally bimodal having peaks at the MW of ca.
600 and 2 x 10%. With the increase of the yield, the relative
amount of the high MW fraction is increased.

From these results, it is found that the promotion of the

polymer yvield is notable only at low temperature and low
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monomer concentration. Therefore, for the practical purpose

to increase the space-time yield of the product, this is of no
(K. Hayashi, S. Okamura)

use.
1) Y. Yamamoto, A. Moricka, M. Irie, and Ko. Hayashi,
Macromol., 10, 266 (1977}). .
2) A. V. Ragimov, A. Yu. Nagiev, R. A. Kurbanova, and
B. I. Rigonsky, Paper presented to 26th IUPAC
Symposium, E09, (Sept. 1977, Tokyo).
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[3] Radiation-Induced Polymerization of Dienes

1. Polymerizatibn of Butadiene

For these years studies on the polymerization of several
vinyl and diene compounds in bulk have been carried out in a
wide dose rate range, 5 n 2 X 10° rad/sec 1%6X Two major
features were found concerned with the high dose rate polymeri-
zation as a potential means of polymer manufacturing process.
The first is, of course, high rate of the reaction. The
second is that it is suitable for the formation of oligomeric
product, which is available for paints, adhesives, plasticizers
etc.

Taking account of the fact that most of commercial oligo-
mers at present are products of o-olefins and dienes, studied
on the polymerization of dienes have been carried out since
last year. Results of isoprene and chloroprene were briefly
described in the last issue of this report.

In this year the polymerization of bulk butadiene is
gstudied in some detail. As shown in Fig. 1, the rate of
polymerization is propertional to the 0.9th power of the dose
rate in the entire dose rate range studied. This seems to
indicate that the polymerization proceeds with a single
mechanism with which the rate of polymerization is, in kinetic
equation, proportional to dose rate. The molecular weight
distributions of the products obtained at different dose rates
are very similar one another as shown in Fig. 2. The distribu-
tions are seemingly bimodal arisen from the non-linear
relationship between log MW and elution count in the column
set used. ﬁh value determined by vapor-pressure osmometry 1is
2,300 approximately for the product polymerized at 2.2 x 10°
rad/sec. These relationships of Ry, and MW with dose rate
indicate cationic mechanism throughout the dose rate range
studied.

The structure of the product is studied by IR and 1y-NMR

methods. As is shown in Table 1, the values by two methods
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1074 -
107°
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1 10 102 103 107 105
Dose rate (rad/sec)
Fig. 1. Dose rate dependence of Rp of butadiene at -10°C.
37.37.5 fad/sec _
2.2 x 104 rad/sec\\\\\ 7N
VA
2.2 x 10° rad/sec :
/
[ o
35 30 25 20
Elution count
Fig, 2, MW distributions of polybutadienes obtained at

different dose rates.
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Table 1. Microstructure of Polybutadienes

Dose rate (rad/sec) 2.2x105 8.8x103 200 37.5
Conversion (%) 8.0 6.7 7.3 6.7
Residual IR 80.2 81.7 - 83.5
double bond (%) lH-NMR 84.3 78.9 83.4 83.4
Vinyl (%) IR 25.2 - 24.9 - 25.4

lg-NMR 23.3 23.9 21.1 24.5

agree fairly well. It is noted that structures of these
products polymerized at different dose rate are essentially
identical. It is found that approximately 80% double bond
remained in the polymer. Their microstructures are mainly of
trans-1,4 unit with ca. 25% of vinyl unit. Sucha structural
features, especially partial loss of double bond probably
because of cyclization reaction and absence of cis unit are
commonly observed in the polymer formed by cationic initiators.
All of the above described results indicate that the
polymerization of butadiene proceeds solely with cationic
mechanism in a very wide dose rate range. In other words, no
radical polymerization takes place in bulk butadiene somehow.
(K. Hayashi, S. Okamura)

1} J. Takezaki, T. Okada, and I. Sakurada, J. Appl. Polym.
Sci., 21, 2683 {(1977).

2) J. Takezaki, T. Okada, and I. Sakurada, J. Appl. Polym.
Sci., 22, 3311 (1978).

3) K. Hayashi, J. Polym. Sci. Polym. Chem. Ed., in press.

4) K. Hayashi and N. Kotani, J. Polym. Sci. Polym. Chem.
Ed., in press.

5} K. Hayashi, T. Okada, and S. Okamura, JAERI-M 7949, 60
(1978} .

6} K. Hayashi, T. Osaka, and S. Okamura, JAERI-M 7949, 64
(1978).

- 107 -



JAERI-M 8569

2. Copolymerization of Butadiene with Styrene and Vinyl
Chloride

Bulk copolfmerizations of butadiene with styrene and vinyl
chloride are carried out to study the possibility of modifying
the butadiene oligomer.

Copolymerization with styrene is made at two different
dose rates. At 2.2 x 10° rad/sec, the addition of styrene
reduces the polymerization rate approximately to the half of
that of homopolymerization of butadiene and the molecular
weight of the copolymer is much lower than that of polybuta-
diene obtained at the same reaction conditions. The obtained
copolymer is fractionated into two parts by centrifugation of
its methanol solution. Copolymer analysis 1s made by 1H-NMR
method using absorptions of olefinic protons of butadiene unit
and ring protons of styrene unit.

As shown in Fig. 1, compositions of low molecular weight
fractions, recovered from THF-methanol solution after centri-
fugation, lie on a smooth line though the results for high
molecular weight fraction scatter considerably. Result by
y-ray copolymerization is also included in Fig. 1. It agrees
very well with the consequence of high dose rate copolymeriza-
tion. The copolymerization parameters, r; and r; (Mj=styrene)
are found to be 2.5 and 0.45, respectively. These values
disagree with those for radical copolymerization in emulsion
system, for instance, rj = 0.78 and rp, = 1.3. This indicates
that copolymerization reaction also proceeds with cationic
mechanism as well as in homopolymerization of butadiene.

Copolymerization with vinyl chloride is carried out at
the dose rate of 2.2 x 10° rad/sec as shown in Fig. 2. The
copolymer composition is also determined by lp-NMR method.
Although the points are scattered considerably, the copolymeri-
zation parameters (Mj=vinyl chloride) are evaluated to be rj =
0.02 and r, = 10, approximately. 1In this system, the decrease
~ of reaction rate compared with homopolymerization rate of
butadiene is slight but molecular weight of copolymer is sub-
stantially lower than that of polybutadiene. The incorporation
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Fig. 1. Compositions of butadiene-styrene copolymers as a

function of monomer compositions. Dose rate,

2.2 x 10° rad/sec; low MW fraction (@) and high
MW fraction (0); 37.5 rad/sec, total product {A).
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Fig. 2. Compositions of butadiene-vinyl chloride copolymer
as a function of monomer composition. Dose rate,

2.2 x 10° rad/sec.
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of vinyl chloride unit in the copolymer is demonstrated by
13Cc-NMR method. This seems the first instance of obtaining
random copolymer of butadiene-vinyl chloride except the y-ray
copolymerizatioﬁ in urea canal complex.

(K. Hayashi, S. Okamura)

3. Cyclization and Crosslinking in the Polymerization

Process of Butadiene

In the bulk polymerization of butadiene by electron beams,
partly crosslinked polymer is formed when the polymer conver-
sion exceeds ca. 10%. On the other hand, it is found that
approximately 20% of double bond in the polymer is missing
somehow. This means that twosubsidiary'reactions, crosslinking
and consumption of polymer double bond, are taking place in
the course of polymerization.

Fraction of residual unsaturation is determined by 1g-nMR
method for polybutadiene of different time of irradiation.
Fraction of pendant vinyl unit, which is supposed to be much
more reactive than a double bond in the main chain, to the
theoretical amount of total double bond in thé polymer is also
included in Fig. 1. The results at the irradiation times of
700 and 1,400 second are for samples‘from which gel is removed
by solvent extraction. It is clear that fractions of residual
double bond and pendant vinyl unit remain constant in the
course of the polymerization. Such a trend is also observed
at much lower dose rate, 37.5 rad/sec by y-rays. These results
indicate that the rate of the reaction to consume the double
bond is always in a fixed proportion to the rate of polymeriza-
tion.

To study the mechanism of the formation of crosslinks and
loss of double bonds, a model study is carried out using a
commercial liquid polybutadiene, Hycar-CTB4000 (Goodrich)
which has relatively similar microstructure and molecular
welght as the polybutadiene obtained by radiation. 1In Fig. 2,

gel formation in n-hexane solution is studied at the same
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1.0
o residual unsaturation
O @, . O—
o
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¢ 0,5
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— ,I R ,L, , )
0 - 500 1,000 | 1,500

Time {Sec)

Fig. 1. Structure of polybutadiene polymerized by electron
beam irradiation at -10°C. Dose rate, 2.2 x 10°

rad/sec.

reaction conditions as in the polymerization studies. The
fact that gel formation is retarded by the addition of
triethylamine (TEA} indicates a catiohic mechanism of cross-
linking. 1In addition, fraction of residual unsaturation is
determined for soluble part of these polymer irradiated. The
initial G values for the consumption of double bond are in the
decreasing order of no additive, 0.1 mole/% TEA and 1.0 mole/%
TEA. This also means that the cationic mechanism is responsi-
ble to the loss of double bond in the polymer.

It has been already pointed out that cyclization of main
and side chain double bond occurred with Lewis acid. This is
a chain reaction making fused condensed rings of saturated
chains at the expense of double bond and eventually terminates
by proton elimination reaction leaving a trisubstituted double
bond. Actually, the relatively broad peak at 1.5 ppm in lm-NMR

spectra of the polybutadiene by radiation can be assigned to
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no additive

0.1 mole/g
TEA
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Gel (%)

|

1.0 mole/2 TEAJ

S4 A

0 100 200 300
Irradiation time (sec.}

Fig. 2. Gelation of polybutadiene (Hycar CTB4000) in n-hexane
solution at -10°C, Concentration, 160 g/f; dose rate,

2.2 x 10° rad/sec.

the absorptions of CH, and CH protons in the éaturated rings

1

and a weak absorption at 846 cm — in the IR spectra indicates

the presence of trisubstituted double bond.

From these results, we can conclude that cyclization and
crosslinking reactions of the polymer are taking place mainly
by cationic mechanism and that in the polymerization system,
these two reactions as well as the propagation reaction occurs
concurrently through. proton transfer reaction. In other words,
a cationic species once undergoes propagation, then makes
cyclization attacking double bond of the polymer for a while
and sometimes attacks neighboring polymer chain to form a

crosslink in a life of the species. {K. Hayvashi, S§. Okamura)
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4] Modification of Polymers'

1. Radiation-Induced Grafting of Acrylic Acid onto

Polyethylene Filaments

Polyethylene has excellent properties such as lightness,
high tensile strength, low-temperature toughness and high
chemical resistance when it is used in the form of filaments
as industrial materials. However its usage or application is
rather limited because of a disadvantage that the softening
temperature is low.

We have studied radiation induced grafting of acrylic
acid onto high density polyethylene filament in order to raise
the softening temperature and improve hydrophilic properties.

The purpose of this study is to make excellent man-made
fibers for general use. Polyethylene filament was employed in
the present experiment only because it is easily available.
The diameter of the filament is about 220 um.

The grafting of acrylic acid was carried out in a mixture
of acrylic acid - water - ethylene dichloride. It was also
necessary to add Mohr's salt to the monomer mixture to prevent
homdpolymerization of acrylic acid outside the filament. The
direct irradiation method was employéd for the grafting using
y=-rays from a 60co source.

The rate of grafting for the filament was much lower than
that for high density polyethylene £ilm (20 ym and 100 um
thick) and only 2% graft was obtained at room temperature even
after irradiating for 8 hours at a dose rate of 1.8 x 104 rad/
h. Grafting was, therefore, carried out at higher temperatures
to obtain higher percent graft.

Fig. 1 shows the plots of percent graft against irradia-
tion time at a dose rate of 1.8 x 104 rad/h at various
temperatures. The initial rate of grafting increases with
increaging irradiation temperature. The overall activation
energy for the initial rate of grafting was found to be 15 kcal/
mol at 20 to 60°C and 10 kcal/mol at €60 to 80°C.
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Irradiation time (h)

Fig. 1. Grafting of acrylic acid onto polyethylene
filament at 1.8 x 104 R/h at different
temperatures. Monomer mixture: AA: Hp:0:
(CHZCl)2 = 50 :25:25 (containing Mohr's
salt of 4 x 10—3 mole/%); irradiation
temperature: (O) room temperature, (®)
40°C, (&) 50°C, (&) 60°C, (m) 70°C, and
{m) B0°C.

Acrylic acid graft polyethylene filaments could be dyed
clearly with cationic dyes at 1 graft percent. The cross-
section of graft polyethylene filaments dyed with a cationic
dye (Sevron Brill. Red B) was observed with microscope and
distributions of acrylic acid in the graft filaments were
examined. The depth of the colored part from the surface is
mainly determined by graft percent of acrylic acid.

_ The heat-resistance of acrylic acid graft polyethylene
was studied from the measurement of heat-shrinkage. Heat-
shrinkage curves are shown in Fig. 2. The original polyethy-
lene filament begins to shrink at 60°C and reaches a maximum
shrinkage of 50% at 130°C. After that it breaks off at 136°C.
Thirty four percent graft filament heat-treated at 180°C for
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Fig. 2. Heat-shrinkage of acrylic acid graft polyethylene

filaments.
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5 minutes shows a maximum shrinkage of 20% and breaks off at
200°C. When acrylic acid graft polyethylene was converted to
the calcium salt, the graft filament retained its filament
form even at 300°C and gave a maximum shrinkage of 12 ~ 13%.
The tensile strength and elongation were not decreased
neither by grafting nor by converting the graft fiber to the
Ca-salt. (T. Okada, K. Kaji}

2. Radiation-Induced Graft Polymerization of Acrylic Acid

onto Poly(vinylchloride)

--- Adsorption of Metal Ions by Graft Polymer ---

The purpose of the present study is to prepare polymers
in powder form having hydrophilic and hydrophobic parts, and
to study the structure of the polymer powder through studies
on the properties of the powder. In the last annual report,
we described radiation-induced graft polymerization of acrylic
acid (AA) onto polyvinylchloride (PVC) powder and some
properties of powder of the graft polymer such as adhesion
ability to metal surface, adsorption of metal'ions, and elec-
tric conductivity. Among these properties, the adsorption
behavior of cupric ion by the powder'seems to be most closely
related to the structure of the powder of graft polymers which
were prepared from ethylene dichloride (EDC) solution of
different compositions using PVC of DP = 500.

In this year, adsorbability of cupric ion to the powder
of graft polymer has. been studied in order to know the struc-
ture of the powder of graft polymer obtained from PVC of
different degrees of polymerization under different reaction
conditions. The polymers of three different degrees of poly-
merization (500, 970, and 1800) were used in the present study.
The methods of grafting and evaluating the adsorbability were
the same as those described in the previous report]J.

Figure 1 A-C shows the rate of graft polymerization

obtained under various ethylene dichloride (EDC) contents for
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the above three kinds of PVC powders. 1In the case of the low
molecular weight PVC (DP = 500}, EDC content in the system
greatly affects the rate of graft polymerization throughout

the reaction period studied. This fact confirms the conclusion

)

of the previous study]' that EDC is effective as a swelling
agent to the low molecular weight polymer and promotes greatly
moncmer diffusion into the PVC particles.

In the case of the medium molecular weight polymer (DP =
970) the rate of grafting was independent of the EDC concentra-
tion except at the highest EDC concentration studied, where the
rate of grafting was significantly enhanced by EDC (curve IV
(AA/H20/EDC = 50/15/35}) in Fig. 1B), especially, at later stage
of the polymerization. This means that for the polymer of DP
= 970, EDC was not apparently an effective swelling agent, but
the enhancement of the rate of the grafting found at the later
stage might be resulted from that the graft polymerization in
the early stage with the presence of EDC may result in losening
the polymer structure thus causing monomer to diffuse more and
more into the particle.

Induction period was observed for the polymer of the
highest molecular weight (DP = 1800) when the EDC content is
low (Fig. 1C, curves I (40/54/6) and II (50/40/10)). The
reasdn of this is not clear at present. But grafting rates
were almost the same one another for éll systems when the
grafting was once initiated. Thus, the grafting seems to be
independent of the EDC content. The EDC in this system acts
as a solvent which dissolves the monomer to prevent the monomer
from homopolymerization or to prevent cross-linking between the
grafted side chains. The latter produced three dimensional
network which sometimes in our experiment keeps the functional
groups inside of the particles and away from access of cupric
ions.

The adsorpticon of the cupric ion was examined for the
graft polymers of similar degrees of grafting around 15%.

Graft polymer containing twice the molar quantity of the
carboxyl groups to the cupric ion was added to 20 ml of the

cupric sulfate solution in 100 ppm concentration as cupric icon.
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Other experimental conditions were the same as in the previous
report]J. Figure 2 A~ C shows the adsorption of cupric ion by
the graft powder as a function of time. 1In Fig. 2 A, the graft
powders obtained from PVC (BP = 500) by the systems I (40/54/6)
and IT (50/40/10) in which the EDC content is comparatively‘
low, show good adsorbability. It is noted that the graft
powder obtained by similar time conversion curves, for example,
curves I (40/54/6) and II (50/40/10) in Fig. 1A give guite
similar adsorption behavior each other as shown by the corres-
ponding curves I (40/54/6) and II (50/40/10) in Fig. 2 A. For
the graft powder obtained from PVC (DP =1800) at four different
monomer concentrations, which give the time conversicon curves
of similar shape (Fig. 1 C), the adsorption rate curves of the
four graft polymers are similar to one another (Fig. 2 C}.
Similar relationship between the time conversion curves by
which the graft powders were obtained and the adsorption rate
curves of the graft powder is observed for the graft polymer

of PVC (5§¥=970),although the correlation is not so good as

the former two.

The close correlation observed between the time conversion
curves by which the graft powder was obtained and the adsorp-
tion rate curves of the graft polymer may comé from the circum-
stance that the graft powder obtained by different time
conversion curves have correspOndingrdistribution of the graft
side chain, which may in some way relate to the adsorption of
cupric ion.

Optical microscopic observation of the cross section on

the graft polymer particle was examined, that is, grafted

Fig. 1. Time conversion curves of graft polymerization obtained under the
various ethylene dichloride contents in the systems. DP of PVC:
{A] 500, [B] 970, and [C] 1800; composition of the monomer
mixtures: (©), I AA/Hp0/EDC = 40/54/6; (&), II (50/40/10); (),
11T (50/25/25); (x), IV (50/15/35). Irradiation temperature,
room temperature; radiation source, Cob0 Y-ray source; dose
rate, 6 x 10% R/hr. Systems I, II, III, and IV correspond to

systems a, e, 8, and d in the previous reportl), respectively.

- 120 -



JAERI-M 8569

(Al

.100

o
[Tg)

) uoTidrospy

[B]

50

4

20

(e o

5
100

() uorardaospy

() uoridaospy

50 60

40
{rmin.

)

Time

- 121 -



"JAERI-M 8569

samples were immersed in paraffin and cut into thin flakes
which were dyed with a cationic dye. The graft powder has a
diameter ranging from 20 uym to 100 pym. The dyed cross section
of the grafted éample for the low molecular weight PVC (DP =
500) obtained under the water rich system I (40/54/6) (in Fig.
1 A) shows surface grafting. On the other hand, the graft
polymer particles obtained in the EDC rich system IV (50/15/35),
non grafting area was observed near the surface of the particle,
showing "core grafting". This may indicate that the monomer
distributes uniformly throughout the particle by the rapid
diffusion of the monomer into the particle due to the swelling
with EDC, while the distribution of Mohr's salt is limited near
the surface region of the particle to inhibit the grafting in
this region. . |

For the particles grafted onto the polymers of medium
molecular weight (DP =970) at different EDC contents, patterns
of the cross section ¢f the particle are similar to one another
and almost independent of EDC content. 1In this case the graft-~
ing seems to proceed uniformly in the particle.

For the polymers of the highest molecular weight studied
(DP = 1800), the grafting proceeded completely uniformly in water
rich system I (40/54/6) and gave graft polymefs whose cross
section is similar in appearance to that obtained in the EDC
rich systems III (50/25/25) and IV (50/15/35). In these cases,

Fig. 2. Adsorption of cupric ion by the graft polymer particles obtained
under different reaction conditions. DP of PVC: [A] 500, [B]
970, and [C] 1800; types of the monomer mixtures, with which the
grafting was carfied oﬁt, and graft percents (given in the
parentheses);
[Al: (©) I (17.2%), {(A) IL (15.1%), (m) III (15.6%), (=) IV (17.1%);
[B]: (0) I (19.8%), (A) II (15.7%), (o) III (14.3%), (x) IV (18.6%);
[C]: (0) I (15.4%), (&) II (14.0%), (o) III (15.0%), (%) IV (16.2%).
EDC contents of the mixtures I, II, III, and IV are given in the
caption of Fig. 1. The dotted line in [C] indicates the adsorption

rate curve obtained for Amberite CG 50.
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many hair cracks appeared in the particle.

The microscopic observations mentioned above would be
related to the adsorption behavior (rate and eguilibrium
adsorption), becéuse the adsorption of metal ions by the graft
powder is greatly affected by its hetero structure, that is
distribution of the grafted chains in the polymer particle.
Since the distribution of the grafted chain can be controlled
easily by the reaction conditions and by selecting trunk
polymer of appropriate_ﬁﬁ, it is possible to cbtain the graft
polymer of appropriate properties by the grafting method.

In the present study, it was revealed that the close
correlation among the reactivity, structure and adsorbability
to cupric ion was obtained for the polymer having hydrophobic
and hydrophilic parts prepared by grafting of acrylic acid
onto PVC. The properties of the grafted PVC powder as a
cation exchange resin.z)are listed in Table 1 along with those
of a commercial one, Amberite CG50, and the adsorpticn rate
curves of the commercial one in Fig. 2 C for comparison. The
graft powder shows excellent rate of adsorption and dimensional
stability. The total capacity is, however, lower than that of

the commercial one. (Y. Kusama, T. Yagi)

li Y. Kusama, T. Yagi, and T. Okada, JAERI-M 7949, 74
{(1977). :
2) A. Kambara and S. Fujiwara, "Hand Book of Polymer

Analysis", Asakura Publishing Co., Tokyo, 901 (1965).

3. Mechanical Properties of WPC from Caprinus Tschonoskii

Caprinus Tschonoskii was obtained from Miyawaki Kogyo Co.
and was cut to pieces of 10 mm x 10 mm x 190 mm. Resin
solutions for impregnation were mixture (A) consisting of
epoxy acrylate prepolymer (RE-2), vinyl acetate (VAc) and
hydroxyethyl acrylate (HEA) in weight ratio of 60 : 30 : 10,
and mixture (B) consisting of Blenmer GP, butyl acrylate (BA)

by weight ratio of 90 : 10, and 0.5 benzoyl peroxide.
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A piece of wood specimen was placed in a 3 ¢ desiccator
and was deaerated at 1 Torr for 3 hours. The resin solution
was introduced into the desiccator, so that the specimen is
completely covered by the solution, and then nitrogen was
introduced to atmospheric pressure to force the solution into
the specimen. Some of the specimens were further compressed
in a metal cylinder at 300 kg/cm?.

The impregnated samples with or without further compres-
sion were packed with aluminium foil and then irradiated by
electron beams (1.5 MeV, 100 pA; 0.35 Mrad/sec). from a Van de
Graaf accelerator on a conveyor which carries the specimens.
The irradiation was carried out repeatedly under the irradia-
tion window back and forth until a required dose is irradiated.

Polymer loading, and bending strength of the irradiated
specimen for mixture (A) are plotted as a function of specific
gravity before irradiation in Fig. 1 A and B. Thé bending
strength of the original wood is also given for comparison.
Both sides of the specimén were irradiated and the dose was
7 Mrads on one side. As shown in Fig. 1 A, the bending
strength of the original wood increases with increasing speci-
fic gravtiy and the bending strength of WPC is higher than the
original wood. The specimen treated with the mechanical
compression before irradiation shows higher strength than WPC
prepared without mechanical compression, but the polymer
loading of the compressed WPC was lower than the WPC and
independent of specific gravity of the original wood. This
means that the bending strength depends on that of the original
wood and is independent of polymer loading.

Plots for WPC obtained using resin mixture (B} are shown
in Fig. 2 A and B. Similar tendency as those of Fig. 1 A and
B is observed. The dose received on one side was 3.5 Mrads in
this case. The same improvement of the bending strength of
the original wood was obtained by the WPC procedure despite of
the poor bending strength of cured resin mixture (B) (see
Table 1).

The results obtained in this study indicate that the WPC

of excellent mechanical properties can be obtained by

- 125 -



Polymer loading (%)

Bending strength (kg/cm?)

Fig., 1.

JAERI-M 8569

2400

2000

1600 —

1200

1100 ! ’ ‘

100

L i l I
0 0.70 0.75 0.80 0.85 0.90

Specific gravity

Effect of specific gravity of the wood on the bending
strength of WPC (A) and polymer loading (B): (O)
original wood, (e®) WPC, and (A) compressed WPC.

Resin mixture: epoxy acrylate (RE-2)/vinyl acetate/

hydroxyethyl acrylate (60/30/10).
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Resin mixture: Blenmer GP/butyl acrylate/benzoyl

peroxide (90/10/0.1}.
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The Bending Stfength of the Cured Resins®

Table 1.
Resins Specific Gravity Bending Strength
‘ (kg/cm?2)
A 1.4 1801
B 1.2 364

* The curing was carried out
dose rate of 2 x 10° R/hr.

impregnation with a small amount

mechanically weak amorphous part

with Co60 y-rays at a

of polymer which fills the
of the wood, and the compres-

sion procedure before irradiation is effective for this

purpose.

(T. Yagi, M. Gotoda)
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[5] Studies on Radiation Dosimetry

1. W values of Argon-Ethane Mixtures with Electron Beams

under Elevated Pressures

Ion pairs are produced when atoms or molecules interact
with charged particles. The energy necessary to produce an
ion pair, W value, is defined as the total amount of charged
particle energy dissipated divided by the total number of ion
pairs formed. We measured W values of gas mixtures of argon
and ethane (coargon) when the gas mixtures are irradiated with
electron beams under elevated pressures up te 7 atm, in order
to examine whether the results well fit to the model derived
by Hurst, et al.l) based on their experimental data on alpha-
particle ionization of binary gas mixture of argon and ethane.

An ionization chamber of parallel plate electrode type
was used. The gas mixture was introduced in the cell which

4 Torr in advance. The electron

had been evacuated up to 10~
beam (600 kev, 10 pA) penetrated into the chamber through a

30 ym titanium window. Ionization current was measured using
a microcammeter.

. Absolute determination of absorbed energy can be made for
alpha-particle ionization, but not fér electron beams from an
accelerator, because the range of electron beam is longer than
that of alpha-particles and thus it is difficult to assume
that whole energy of electron is absorbed in the gas. We,
therefore, calculate relative W value of gas mixture using
stopping power of each gas and W value of argon which is well
established to be 26.30 [eV-ip_l] for B-ray ionization.

The W value for gas mixture, Wy [eV-ip'l], can be calcu-

lated by

(1)
K-Ii

Wp =

where P,,. and Pp are gas pressure of argon and ethane in atm.,
whose stopping powers are Sar and Sg [eV-molec"l], respectively,
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I; is ionization current [pA], and K is a constant [atm.ip-
According to Hurst et al.l), alpha particle ionization in

molec .
gas mixture of argon and ethane can be explained by the follow-
ing mechanism. Two excited states, € (11.6 eV) and e, (ca.

14 eV), of argon are known to be formed when argon interacts
with ionizing radiation. These states contribute to ionization
of ethane through following three competing processes: (i)
spontaneous radiative deactivation of Ar*, (ii) radiative or
radiationless transfer of energy between Ar and ar*, and (iii)
collision energy transfer with ethane designated as X, where

* indicates electronic excitation. The ‘number of energy

transfers to X by (iii), Nj; (X*), can be calculated by

_Gk oix fx E (2)
Vg Tix-fx + gﬁrfgiArfAr f (A/NgP)

Ni=

where the subscript i refers to the two energy levels of argon,
e1] and €32; £, v, and o are mole fraction, average relative
velocity with Ar, and cross section for energy transfer from
Ar* to the component indicated by subscript. The » is the
decay constant for process (i), Ng is the number of gas atoms
per gubic centimeter and 8,Eq ig the number of excitation of
argon to . state,

i _
The W, value can be expressed by

-1 -1 -1 -1

Wi = Wy - VWar )2+ Ynr ]
ajfx{l-2)
+ I = . (3)
AV 1]
. X Yi1X
i fX + Cl-fAr + _f\]—a]—_:—)

where aj; = n;B;, C; = (;ArOiAr)/(GXGiX) and Z = fy/(fx +afp,).
The parameters a included in 2 is an empirical parameter
depending on coargon, and n; is the fraction of x* leading to
ionization of X. Since the ionization potential of ethane
(11.6 eV) is equal to or lower than the energy level of either
excited state of argon, two terms due to the excited states of

argon may be considered when the data are fitted to Eg. (3).
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Fig. 1. Wy value of the argon-ethane gas mixture as a
function of ethane content: pressure, (A)
1 atm., (®) 3 atm., (%) 5 atm., and (¥) 7 atm.
The broken line indicates the curve for alpha-

1)

particle ionization™ ",

In Fig. 1, Wy values of the gas mixture obtained at four
different pressures are plotted against ethane content in the

gas mixture, along with the plot obtained for alpha particle

ionization obtained by Hurst, et al. As shown in the figure,

Wy, value decreases sharply by addition of small amount of
ethane, reaches the minimum value, 24.2 [eV-ip_l], at 4%

ethane content, and then increases gradually to W value of
ethane, 25.2 [eV-ip—l]. Wy value for electron ionization comes
below those obtained for alpha-particle ionization in the

whole gas composition range studied. This tendency seems to

be reasconable from the fact that most data obtained by g-ray
are smaller than those obtained for alpha-particle ionization,

but the values obtained for ethane in the present study are
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higher than reported values for BR-ray ionization.
The Wy value decreases with increasing pressure, indicat-

ing that the ionization proceeds favorably at higher pressures.

27 T ; T i T T T | 1
26| |
[l
1
oh}
hr
]

4

25

:g

24

I L A I | ! 1 ! I

0 190 20 30 40 50 60 70 80 90 100

Content of ethane {(mole%)

Fig. 2. Fitting of the Wy value obtained at 1 atm.
( _____ ) a = 0'099’ ( ) a = 0,167,

In Fig. 2, the Wy value obtained at 1 atm. gas pressure
is replotted from Fig. 1, with the calculated values from Eqg.
(3). The solid line indicates the calculated curve using the
parameters determined by Hurst, et al. for the alpha-particle
ionizaticon. It is evident in the figure that the data are
fairly close to the fitted curve, but the agreement is not
satisfactory. The reason for this small discrepancy between
the calculated and the experimental points may come from that
the parameter, a, determined for alpha-particle icnization is
not applicable to electron ionization, since the parameter, a,
is ratio of the stopping powers of the component gases, which

may not be the same for electron ionization. Therefore, we
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determined the parameter, a, by fitting the experimental data
to Eg. (3) with least squares, other parameters being kept
constant. The best fitted curve was obtained using a=0.099
as shown by broﬁen line in Fig. 2. Similar fitting was made
for data obtained at elevated pressures and the parameters are
listed in Table 1. The other parameters taken from ref. 1 and

used in the fitting of the data are listed in Table 2.

Table 1. The Parameters Determined by

Best Fitting of Eq. (3)

Pressure (atm) a
1 0.099
3 0.110
5 | 0.133
7 0.129

Table 2. The Parameters Used in Calculating

1)

Wy values for the Gas Mixtures

Parameters ' value
oy 0.000804
oy 0.00401
Cl 0.000138
Cy 0.012

The fact that precise agreement between the experimental
and the calculated was obtained with appropriate parameters in
Eq. (3) indicates that the ionization mechanism through energy

transfer from Ar*, which is proposed for alpha-particle
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ionization, is applied for ionization by electrons.
(K. Matsuda, T. Takagaki)

l) G. S. Hurst and T. E. Bortner, J. Chem., Phys., 42,
713 (1965} .

2. Coloration Mechanism of the CTA Film Dosimeter

Studies have been carried out to find what species give
rise to the optical density at 280 nm for the irradiated
cellulose triacetate (CTA) film dosimeter. The results are
deSCﬂﬁbed below, including those reported preliminarily last
The CTA films containing 16% triphenyl phosphate (TPP)
employed in this study were those supplied by Fuji Photc Films

year

Co. and Numelec Co., both of which gave similar results. CTA
films containing no additives, referred to hereafter as pure
CTA films, were prepared by evaporating methylene chloride-
methanol solution of CTA. <Cellulose films by Tokyo Cellophane
'Co. were also employed in this study. Irradiations were
carried out with electron beams of 1.5 MeV and 50 uA from a
van de Graaff accelerator. Radiation effects on the CTA film
dosimeter, pure CTA films and celluldse'films were studied by
UV and ESR spectrometers. Eroduct_anaiysis was carried out
for irradiated TPP powder by a gaschromatograph, Shimadzu
GC-7A equipped with Tenax GC columns.

When the CTA film dosimeter was irradiated in air at room
temperature, the value of the optical density change at 280 nm,
AOD (280 nm), before and after irradiation decreases rapidly
by several percents until about 20 min after irradiation,
followed by a gradual increase with storage time. This
behavior indicates that the coloration occurs not only during.
irradiation (in situ coloration) but also after irradiation
(post coloration), the former further consisting of unstable
and stable components.

It was found that atmospheres during and after irradiation
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strongly influence the AOD (280 nm) for the CTA film dosimeter.
The AOD (280 nm) in vacuo slightly decreases with time after
irradiation without any increase at longer storage time in
contrast to the.AOD {280 nm) in air. The AOD (280 nm) in Oj
decreases with time by a greater extent than in air and does
not increase at longer time. The AOD (280 nm) in N, changes
little with time after irradiation. These findings indicate
that the unstable component of in situ coloration is related
to reaction between 0; and color centers produced in the
dosimeter. The fact that the post coloration proceeds only in
air and does not occur either in vacuo, N3, or O3, suggests
that some product other than O; and ozone produced from air,
most likely nitrogen oxides, may play a role for the colora-
tion. In addition, since irradiated pure CTA films also
exhibit post coloration when irradiation is carried out in air
as described below, the post coloration in the CTA dosimeter
may arise from reaction of nitrogen oxides with CTA and TPP.

In order to see if the coloration arises from radiation
effects on TPP or CTA, or both, we studied the AO0D (280 nm) of
pure CTA films in vacuo and in air. The 40D (280 nm) in vacuo
decreases gradually with time. The AOD (280 nm) in air, on
the other hand, decreases rapidly until 30 min and then
increases with time. These results strongly indicate that CTA
plays an important role not only in the in situ coloration but
also in the post coloration of the CTA dosimeter.

Figure 1 shows the AOD (280 nm) values at 3 min after
irradiation and the minima against irradiation dose for the
CcTa film dosimeter and pure CTA films. The AOD (280 nm) values
for pure CTA have been normalized to those of 105 um thickness
by taking into account that the CTA dosimeter of 125 um con-
tains 85% by weight of CTA. As may be seen from the figure,
the in situ coloration of the CTA dosimeter arises not only
from TPP but also from CTA, the contribution of CTA amounting
to from 30% to 60% depending on irradiation dose and time after
irradiation. 1In addition, it is evident that the contribution
of the unstable component, which corresponds to the difference

between AOD (280 nm) at 3 min and minimum of A0OD (280 nm), is
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Fig. 1. Optical density change at 280 nm for the CTA

film dosimeter and pure CTA film.

much higher in pure CTA than in the CTA dosimeter. This fact
indicates that color centers produced not in TPP but CTA are
responsible for the unstable component of the in situ
colbration.

Next, species responsible for ecach of the three components
contributing to the coloration, unstable and stable components
of in situ coloration, and post coloration, are discussed.
Species for the unstable compecnent are discussed first.

The CTA film dosimeter after irradiation in vacue at room
temperature gives rise to the ESR spectrum quite similar to
that of pure CTA films irradiated in the same condition.
Therefore, radicals giving rise to the spectra are produced in
CTA and not in TPP. When irradiation is carried out'in air,
the spectrum observed is analogous to the one observed in vacuo
but decays rapidly with time. The half life of the spectrum
in air was estimated to be about 12 min, in good agreement with
the value of the unstable component obtained by optical density

measurement.
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It is further found that the decay of the CTA radicals
proceeds through reaction with 09 to produce peroxy radicals
which we have successfully observed. Therefore, we may
conclude that Ehe unstable component of the in situ cocloration
is due to the CTA radicals. Most probable assignment of the
CTA radicals would be to the radicals produced by H atom

abstraction from Cy in CTA molecules.

CHzOAC

E
H <|:5—0
| \
Cy
I \\\?Ac ?///

Cz3—20C,

| |

H OAC

Cl‘—o\.‘.~

We turn to the second problem; what species give rise to
the stable componént of the in situ coloration? 1t was
already shown that both CTA and TPP contribute to the stable
component.

It was found that the values of AOD (280 nm) for pure CTA
films agree with those of 20D (280 nm) for cellulose films up
to the irradiation dose of 20 Mrad. Thus it is reasonably
assumed that radiolysis products giﬁing rise to the c¢optical
density at 280 nm are the same for CTA and cellulose. Accord-
ing to the extensive studies of radiation effects on cellulose
by Arthur et al.z), irradiation of cellulose produces carbonyl
groups and acids as principal products. It is highly probable
that these products give rise to optical density near 280 nm.
We have made no further efforts to this point.

Product analysis by gaschromatography for TPP irradiated
to 100 Mrad indicates that phenol and biphenyl are formed as
major products with their approximate G values of 0.12 and
0.05, respectively.

On the basis of this result a model experiment was carried
out to see if phenol and biphenyl detected by gaschromatograph
play a role in AOD for the CTA dosimeter. The CTA dosimeter
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and pure CTA films were irradiated to 100 Mrad and digsolved
into methylene chloride, and the AOD values of the resultant
solutions were measured. The difference of the two values was
compared with the AOD of a methylene chloride solution contain-
ing phenol and biphenyl, concentrations of which had been
determined on the basis of the GC analysis. Although the
result was not fully satisfactory, it leads us to the conclu-
sion that phenol and biphenyl produced from TPP certainly
contribute to the ceoloration of the CTA dosimeter.

Finally we discuss the species giving rise to the post
coloration. As mentioned already, the post coloration may
arise from reaction of nitrogen oxides with CTA and TPP.

Among nitrogen oxides, nitrogen dioxide appears to be the most
likely candidate because of the higher reactivity. In fact,
optical density at 280 nm for the CTA dosimeter as well as
pure CTA films was found to increase when thesgse films were
expogsed to nitrogen dioxide. Therefore, ocur explanation for
the post coloration is that nitrogen dioxide produced by
irradiation of air is adsorbed on the CTA dosimeter and reacts
gradually with CTA and TPP to give products which show optical
dengity at 280 nm. (K. Matsuda, S. Nagai)

1) K. Matsuda and S. Nagai, JAERI-M 7949, 102 (1978}.
2) F. A. Blouin and J. C. Arthur, Jr., Textile Res. J.,
28, 198 (1958)}.

3. Formation of Surface Charge on Polymer Films by

Electron Irradiation

In the previous reportsl), it was revealed that electric
charge was produced on polymer film surface by electron
irradiation of the polymer film placed on insulating material
(PMMA) . The surface charge density on the film surface was
found to depend'on the dose. It was, however, independent of
the dose rate and electron accelerating voltage. Since the

phenomenon seems to be applicable for estimating radiation
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dose from the surface charge built-up on the film surface, we
have continued the study in order to see whether the building-
up of the charge on the film surface can be used as a simple
method of dosimetry in the range of 103 ~ 3 x 10% rad where
simple method of dosimetry such as film dosimeter is not
established.

Two factors which are important for dosimeter were
examined: one is the linearity between surface charge density
on the film surface and dose and the other is the change of
charge density during storage after irradiation.

The method of experiment was the same as those of the
previous study]J. Polyethylene terephthalate film (27 um in
thickness) and polypropylene film (32 pm in thickness) were
obtained from Mitsubishi Kasei Co. as Diafoil and as Pylene
from Toyobo Co., respectively.

Irradiation was carried out using a PMMA block of 1 cm
thickness and irradiated on a conveyor 4 c¢m below the irradia-
tion window for one way at a speed of 48 cm/min. Dose received
by the film was altered by changing beam current.

Figure 1 shows the relationship between surface charge
density and dose. It is evident from the figure that the
surface chargé density increases linearly with increasing dose
in the dose range from 103 to 3 X 104 rad. Above 3 x 104 rad,
the surface charge density shows no more linear change and
reaches maximum at 10° rad and then decreases with increasing
dose due to the break of insulation of a PMMA block. The
reproducibility was within #20%, which seems to be poor for
that required for a dosimeter (£8%).

The decay of the surface charge density in atmosphere
after irradiation is shown in Fig. 2 for the films which were
irradiated at different doses; the time scale on the abscissa
is expressed by minute up to 1500 minutes and after this time,
by day. The curves were normalized so that the relative ]
surface charge densities immediate after the irradiation come
to fall on one point. The surface charge density decreases
slowly with time after irradiation, and reaches a value which

is practically independent of dose. The rate of decay of the
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Fig. 1. Surface charge density on polyéthylene
terephthalate film as a function of dose:
Electron accelerating voltage, 1.5 MV;
the measurements were made 3 min after

irradiation.

surface charge density, however, was'higher as the dose
absorbed by the film increases. The decay obtained in the
present study is larger than those observed in the previous
study]J, but the reason of this discrepancy is not clear
regardless of extensive study carried out at different
environments.

Similar curves of surface charge density against dose and
decay of the surface charge density after irradiation were
obtained for polypropylene f£ilm.

The results obtained above indicate that the surface
charge density on the pelymer film surface by electron irradia-
tion is interesting in providing simple method of dosimetry at
the dose range bhetween 103 and 3 x 104 rad where simple method

of dosimetry has not yet been established. For practical
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Fig. 3. Decay of surface charge density on polyethylene-
terephthalate film after irradiation.

Dose: (%) 103 rad, {(©) lO4 rad, and (A) 107 rad.

purpose, however, it is necessary to solve the problem to
improve the reproducibility, to diminish the decay of the
surface charge density after the irradiation,'and to extend

the linear portion of the surface charge density vs. dose
relationship. (M. Kajimaki, T. Takagaki, K. Matsuda)

1) M. Kajimaki and T. Okada, JAERI-M 7355, 52 (1977),
JAERTI-M 7949, 83 (1978).
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K. Hayashi, M. Tachibana, and 5. Okamura, "Oligomerization
of Isoprene by Electron Beams", The 27th Discussion
Meeting of the Society of Polymer Science, Nov. 24, 1978.

K. Hayashi, M. Tachibana, and S. Okamura, "Polymerization
of Isoprene by Electron Beams", The 27th Annual Meeting
of the Polymer Socilety, Japan, May 26, 1978.

K. Kaji, T. Okada, and I. Sakurada, "Radiation Grafting

of Vinyl Bromide onto Polyester Fabric and Flame-Retardance
of the Graft Fabric", Annual Meeting of the Society of
Fiber Science and Technology, Jun. 12, 1978.

K. Kaji, T. Okada, and I. Sakurada, "Radiation-Induced

Grafting of Metallic Salt of Acrylic Acid onto Poly{Vinyl
Chloride) Fibers", The 24th Regional Meeting of the
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Society of Polymer Science (Kobe), Jul. 12, 1978.

12. Y. Kusama, T. Yagi, H. Yamada, and T. Okada, "Adhesion of
Acrylic Acid Grafted Polyvinylchloride to Metal Surface”,
The 16th Annual Meeting on Adhesion, Jun. 15, 1978,
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Staff Members

Yunosuke OSHIMA
Tomomichi KASAMATSU™
Ichiro SAKURADA

Seizo OKAMURA

Toshio OKADA*™
Motoyoshi HATADA

" Kanae HAYASHI

Shun'ichi SUGIMOTO
Koji MATSUDA
Jun'ichi TAKEZAKI
Yasuo- KUSAMA
Masanobu NISHII
Siro NAGAI
Hidehiko ARAT
Torac TAKAGAKT

. Kanako KAJI

Toshiaki YAGI

Advisors and Visiting

Isamu NITTA

Shun'ichi OHNISHI
Yoshito IKADA

Masao KAJIMAKT

{Mar.
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LIST OF SCIENTISTS

31, 1979)

Dr., radiation physicist, Head
Radiation physicist, The Former Head

Professor emeritus, Kyoto University,
Ex-head

Professor emeritus, Kyoto University

Dr., polymer chemist
Dr., physical chemist
Dr., polymer chemist

Physical chemist
Radiation physicist
Phygical chemist
Polymer chemist

Dr., polymer chemist
Dr., physical chemist
Physical chemist
Radiation physicist
Polymer chemist

Engineering chemist

Researchers

Professor emeritus, Osaka University,
Advisor

Professor, Kyoto University, Advisor

Assoc. Professor, Kyoto University,
Advisor

Physicist, Duskin Co., Ltd.
(May 1975 - Jun. 1978)

*) Appointed Establishment Director, Takasaki Radiation
Chemistry Research Establishment.

**)

Appointed Deputy Head, Pilot Scale Research Station,

Takasaki Radiation Chemistry Research Establishment.
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