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Abstract

Deacidite FF, a polystyrene based resin with quaternary
ammonium functional groups has been irradiated in the hydroxids,
chloride and nitrate forms with cobalt-60 gamme rays. Measurements
have been made for the loss in strong base capacity, the gain in
weak base capacity, the amounts of tri-, di- and mono~methylamines
and ammonia formed and the swelling capacities of the irradiated
resin at dOSes»upto 2000 Mr. Loss in strong base capacity occurs
simultaneously in two ways, namely, the loss of methyl groups attached
to the quaternary ammonium group and the loss of the trimethylammonium
group.

The hydroxide and nitrate forms of the resin hnve beeon
irradiated as slurry in water, as dry resin and in the presence and
absence of oxygen. The cxistence of a large direct offect and
the absence of any significant oxygen effect heave been shown.

When the nitrate form is irradiatcd in water, appreciable amounts
of nitrite are formed on the resin. The resin dissolves completely
at 1000 Mr., when irradiated in TM nitric aecid; the extent of
dissolution at different doses has been measured and the effects

of crosslinking on the decomposition of the resin has been studied.

Deacidite J, a polystyrene based weck base resin, hes been
irredisted in water and in TM nitric acid and measurements have

been mede of the exchange ond swelling capacities of the irradiated.



resin and of the basic products formed.

Zeocarb - 225, a polystyrene based sulphonic acid resin,
has been irradiated with gamma rays up to 1400Mr. znd with
Am-241 alpha particles up to 8000 Mr. Capacity, swelling and
sﬁlphate measurements show that the alpha irradiations are less

damaging.

(UX)



4.

Acknowledgements

The author wishes to acknowledge with gratitude

the invaluable guidance and constant encouragement given
by Mr. G.R.Hall throughout fois work. The author also
wishes to thank Dr. M. Streat for the helpful discussions
during the course of the work and for his collaboration
in developing some of the analytical procedures.

Acknowledgements are also due to the Department of
Atomic Energy, Government of India, for granting study leave
of absence, to the Shell Petroleum Company and to the

Permutit Company for supplementary research bursaries.



Chapter 1.
Chapter 2.

Chapter 3.

Chapter 4.

Chapter 5.

Chapter 6.

References

Appendices

Contents

Introduction
Review of Previous Work

Gamma irradiation of Deacidite FF
hydroxide and chloride

Gamma irradiation of Deacidite FF
nitrate

Gamma irradiation of Deacidite J

Gamma and alpha irrediations of
Zeocarb 225

Page

20

96

159
168

187
193

e



CHAPTER 1,

INTRODUCTION,

The action of radiation on raterisals may sometimes be beneficial
and sonetirmes danaging, Exanples of the former include the improvements
to the physical properties of plastics, the possibility of causing a
reaction to proceed at a neasm-ablé rate when the rate constants far a
thermal reaction are negligibly snall and hence chenical reactions nay
be brought sbout wmder less difficult physical conditions of temperature
and pressure, Exanmples of the latter include damage to insulating
naterial leading to electrical failure, possible enhancement of rates of
corrosion and, in the field of chemical prowessing, the breaskdown of
process reagents, This thesis is concerned with a study of the damaging
action of ionising radiation on ion exchange resins,

Ton exchange resins are being increasingly used in the chenical
'progessing of reactor fuels, the separastion of individual fission products,
the preparation of radioactive sources and for the purification of coolant
water in reactors., Besides the practical interest arising out of these
applications the organic ion exchenge resins are representative of solid
polyneric materials cor'rtaining highly polar groups and soc a study of the
effects of radiation on such resins is of interest in the radiation
chenistry of organic corpounds,

Many types of ion exchange resins have been prepared, and those
available commercially include strongly acidic and weakly acidic cation
exchangers and strongly basic and weakly basic anion exchangers, In

cation exchangers the functional groups present are - S0.H, - 002H ete,

3

and in anion exchangers they are quaternary armonium, aliphatic and
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Table 1,1,

Some Cormion Comvercial Ton Exchange Resins,

Matrix, Tonic group, Trade Name, Remarks, 1
Cation Exchangers, ‘
Polystyrene resins -803— Anberlite m-120' Stenderd resin, ca.B%DV".B.!
i Dowex 50 Available with different
degrees of cross-linking

(Dowex 50-X2 has 2% DVB |
etc.)s Dowex 50W is .
improved resin replacmg?
older Dowex 50, :
KU2 Russian resin, ¢

Zeocarb 225 | Stardard resin with &b

DVB; resinswith 1,2,

4.,5,12 and 20% DVB alo
available, :
—N(CHZCOOH)Z Dowex A-1 Chelating resin, 'j
Vinyl eddition _ =COOH Arberlite TRO-50
polymers. Duolite CS-101 !
Phenolic resins -So; Duolite C=3 Resins with -CH2803' i
groups, ‘

-000H Permutit H
Anion Exchangers,
13

Polystyrene resins | -N(a.lkyl); Amberlite TRA-40( Standard resin,ca.&% VR

Amberlite IRA—-4OY Porous resin,

Deacidite FF b Standerd resin 7-9% DVBj |
lower degrees of cross-
linking available,

Dowex 1 Standard resin Dowex1l-

X8; other cross-linking
available,
-N(alkyldl) | Dowex 2

(o,lkyl);
Weok-base | Anberlite IR-45 | Polyamine groups,
aino growps| Deacidite J
Dowex 3 {

Strong- and| Permutit SK Pyridiniun groups.
weak-base

groups,

| o ety — =




arometic amine groups, These groups are attached to a cross-linked
polymer network; styrcne-divinyl benzene copolymers are nost commonly
used, Some 6f the commercislly available ion exchange resins are listed
in Table 1,1,

Two irportant properties of ion exchange resins are capacity and
cross-linking, Capacity can be calulated from the number of fumctional
groups per unit mass except where large ions are involved, when it is
usually found to be lower than calculated, The cross-linking prevents
complete solubility of the resin in water md the degree of cross-linking
affects morkedly many of the well-known characteristics of ion-exchange
resins such as swelling and rate of exchange, A knowledge of the effect
of absorbed radiation dose on resin capacity and cross-linking is of
inportance in the application of ion exchange systems in the nuclear

technology field.

Several workers have studied the radiation damage to ion exchange
resins but have been concerned primarily with measurenents of capacity
" and to a lesser extent with physical damage (1-32). Very little work
has been reported on a quantitative study of the various products of
irradiation, on the effects of oxygen and water on the course of the

reactions involved and on the rechanisn of decomposition,
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CHAPTER 2,

REVIEW OF PREVIOUS WORK,

For convenience the published work on the effects of radiation on
ion exéhange resins is considered under two headings, viz, anion exchange
resins and cation excharge resins,

2,1, Anion Excharge Resins.

Wedeneyer (1) studied the loss in capacity of air-dried semples of
strong and wesk base resins on exposure to X-rays, The effect of cross-
linking on the radiation stability of Dowex-l was exanined and maxirun
instability was found to occur at 4% cross-linking,

The work of Fisher (3) forms an important contribution to the study
of radiation effects on ion exchange resins in that she first distinguished
between the salt splitting and total capacities of the gamma irradiated
strong base resins, The quaternary capacities of the strong base resins
were found to decrease at a greater rate than the total anion capacities
and this suggested a step-wise nmechanisn, involving first the conversion
of the quaternary group to en anine and then the loss of the entire amine
group, No significant anounts of nitrogen were observed in the leach
until the drop in the totzl anion capacity became measurable, It was
suggested that danage to the polymer was slight amd so, in considering
the perfarmance of the ion exchanger, the rate of loss of the quaternary
capacity would be the liniting factor., All the weak base resins studied
lost capacity. The phenol-fornaldehyde weak base resin was found to be
noxe stable to radiation then the‘ resins based on polystyrene,

Nater (7,8) measured the changes in exchange and swelling capacities

of anion exchange resins as a function of the dose and dose-rate on
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irradiation with cobalt-60 garma rays, reactor radiationsand 1 Mev
electrons accelerated by a cascade generator, It wes shown that the
reactor and electron irradiations produced the same result as gamnma
irradiation, The quaternary ammoniun pol&styrene resins lost 50%
capacity after a dose of 1000 ¥Mr, Swelling measuremenfs indicated an
increase in cross-linking.

Smith and Groh (23) sumnmarised detailed investigations on the
effect of gamma radiation on Dowex-l and Perrmutit SK resins, In both
cases the salt-splitting capacity was falling et a greater rate tha the
total capacity, The resin moisture contert decreased with dose indicating
an increase in cross-linking in the polymer, The infra-red spectra of
the irradiated resins, on the other hand, indicated extensive depolymeri—
sation at the higher levels of irradiation, but no experinental data are
given in support, In the case of Dowex-l the agueous leach had a strong
amine odour and the leach from the irradisted hydroxide resin contained
ammonia.

Since Fisher distinguished the weak and strong base capacities of
irradiated anion exchange resins, no further development in the radiation
chemistry of quaternary ammonium resins took place until Hall and Streat
(29,30) determined the basic products liherated on ganma irrsdiation of
the strong base resin Deacidite FF, In this work, the fomation of
tertiary, secondary aml primery aliphatic amines and amonia was followed
and the quentities of each measured, Increase in weak basg capacity and
the fomation of basic products in the leach were found to account for

the decrease in strong base capacity., The radiation damage to Permutit SK,

a polystyrene resin containing pyridinium groups has been studied in a
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similar way (31),

2.2. Cation Exchange Resins,

Wedeneyer (1) studied the effect of X-rays on air-dried samples
of strong and weak acid resins, Loss incmpacity with dose was measured
and gualitative and seni-quantitative investigations of the degradation
products were carried out, |

Higgins (2) irradisted sulphonated polystyrene and phenolic resins
with cobalt-60 garma rays and with beta particles fron absorbed CellM -
Prl44. The phenolic .resins were fourd t o be nore resistant to radiation,
The capacity losses calculated fron titration results agreed with those
calculated from sulphate~-release determinations. Radiation was noted to
cause a significant increase in the affinity of the polystyrene sulphonic
acid resin for tracer Nb 9 , Which usually occurs in a colloidal form,
No abnormal effect on resin affinity was observed forthe purely cationic
species strontium, One deternination was made of the capacity loss of
the uranyl forn of Dowex~50 that had been irradiated in a graphite reactor,
but no indication is' given of the possible influence of the absorbed ion,

Fisher (3) measured the salt-splitting and total capacities of the
garma irradiected strong acid resins, It was concluded from the measu.re-
nents of the moisture content of resin samples irradiated to d-ifferent
doses that the effect of radiation was primarily to degrade the polymer
-framework, and nmore particularly the styrene to styrene linkages, At the
highest radiation levels, i,e, 217 Mr. the anount of sulphonic acid gromps
lost was too small to represent a serious capécity loss so that highly
cross-linked materials of this type night be expected to be reasonably

stable, The polymer framework of the methylere sulphonic acid resins
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was nore stable than that of the nuclear sulphonic acid resins, while the
sulphonic acid groups of the two were almost squally stable, The results
on the carboxylic resins were inconclusive,

Cathers (4) suggests that the capacity loss of Dowex-50 on exposure
to cobalt-60 garma rays is inversely depemlent on dose-rate, since a
lower rate of capacity loss was obtained with a more intense source. The
chenical processes designed for use with a thorium breeder reactor, which
illustrate the radiation damage problen arising in the use of ion exchange
resins, are described, Harmond (5) discusses the effects of radiation on
process reagents and finds that a sulphonated phenclic type of resin lost
4"/?; of its capacity at 0,27 watt-hour of beta energy per gram,

Costachel and others (6, 17-21) have irradiated phenolsulphonic
acid end polyacrylic resins with gamma and X-rays. Sulphate was detected
in the leach, The breaking of the C-C and C-H bonds was indicated by the
evolution of formaldehyde during the exposure to X-rays, The introduction
of hydroxyl groups into the resin was shown to occur,

Nater (7, 8) measured the changes in capacity and . swelling of
cation exchange resgins as a function of the dose and dose-rate on
irradiation with cobalt-60 gamna rays, reactor radiaticmgand 1 Mev
electrons accelerated by a cascade generator. The sulphonated polystyrene
resins lost roughly 20% of the capacity after a dose of 10CO Mr, The
results of swelling measurenents are taken by Nater to mean that degraddion
of the polystyrene framework is occurring but he is presumably referring
to de-crosslinking. In contrast to Cathers, Neter finds that there is

no dose-rate effect,
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Nikashina et,.al,(10) studied the stability to X-, beta and garma
radiation of air-dried cation exchange resing and reasured the exchange
capacity and degree of swelling of the irradiated resins, The effect of
accelerated electrons on a sulphonated polystyrene resin has been reported
in some detail by Kiseleva et,al. (15, 16)., Apart from sulphaote, reducing
agents and hydroxy-acids were detected in the agueous leach., Degradation
of the polymer and the fornation of water-soluble substonces were obserwved,

Dowex-50 has been reported to have retained most of its salt-spliting
capacity on exposure to o ganna dose estiﬁarted to be 12,5 Whr per gram (22),
This is surprising in tilat the data of other workers would have predicted
a very high loss inapecity. Snith amd Groh (23) sumarise detailed
investigations on the effect of garme radiation on Dowex-50, The salt-
splitting capacity was falling at a greater rate than the total capacity.
The moisture content increased with dose indicating a decrease in cross~
linking, The infra-red spectra of the irradiated resin showed evidence
of phenol groups and &lso a slight degree of depolynmerisation at higher
doses, Comparative photomicrographs of the irradiated resin indicated
that the amount of fissuring or fragmentation was negligible and that the
resin beads remained essentially intact, A determination of the sulphate
content of the agueow leach indicated that sulphwic acid was the main
deconposition product and the infra-red spectra of the residues obtained
from the agueous leaches showed a nixture of sulphonic acid fragments,

with phenol groups appearing at higher levels of irradiation,
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Pasek, Krivanek and Bednar (25) stulied the changes in exchange
end swelling capacities of some gamna irradiated cation exchange resins,
It is suggested that the loss of functional groups is due to the direct
action of radiation,

Irradintion of Dowex-50W resins (26) with low energy X-rays caused
a copacity loss of about 20% for a dose of B64 Mr, No significant
amounts of -COH, or -802'" type of linkages appeared to have been
formed, Vsalues of the selectivity coefficient for fhe cstm H exchange
reaction decreased with energy absorption indicating increased cross-
linking,

Dowex-50 has also been irradiated in a circulating system of
deminerelised weter with cobalt-60 garme radiation (27), A dose of
3900 Mr, decreased the capacity 60% and the volune 85%, but increased
the noisture content fronm its original 42,7% to 55.1%. Qualitative
analysis of the effluent stream pricr to entering an anion resin colurm
(used to remove degradation products) indicated the presence of sulphste
and polybasic organic acids,

2,3, Conclusions,

The results obtained by serveral workers on the capacity losses
of a variety of resins on irradiat jon to various doses heve been
summarised in Table 2,1, The variation in these results will partly

be due tovarying conmditions of irradistion and uncertainties in dosinetry,



Table 2,1,

Radiation Stability of Ion Exchange Resins,

15.

Percentage loss

Reference

Dose . >
Resin Type. Mr, in capacity, No,
Strong acid or{ Total
s@rong base,
Strong Acid
Dowex 50 (E') 1000 - 23 1
Dowex 50 1000 - 30 2
Dowex 50 (H) 220 9 - 8
Dowex 50 (H) 88 2,6 1.6 23
Dowex 50 900 - 20 26
Dowex 50 850 i 30 - 27
Dowex 50 3900 60 - 27
Dowex 50 (Na™) 35 6.5 - 9
Dawex 50 (H+) 35 10.4 - 9
}
Anberlite IR120 (™) | 1000 § - 9.4 1
Anberlite TR120 (Na*)| 217 Nil - 30
k2 (57) 1000 - 5 10
xu2 () 5000 59 - 15
xu2 (2') 10000 80 49 15
A strong acid phendic 103 - 4 5
regin,
Dowex 30 1000 - 3 2
Ariberlite IRL05 900 - 2 2
ZeoRex (HT) %5 2,9 - 9
Duolite C-3 (HY) 35 0.5 - 9 |
Zeollex SA (H') 35 4.9 - 9 |
Diaion SKI (H*) 35 9.1 - 2 ?




(Table 2,1, contd,) 16,

Percentage loss |
. Dose in capacity, Reference
Resin Type. Vi No.
’ Strong acid or | Total
strong base,
Weak Acid ?
Perrmtit H (HY) 1000 - 100 1
Arberlite IRC-50 217 - 6
Duolite o510l (&) 35 - 1.9
Strong base
Dowex 1 (CH™) 1000 49 -
Dowex 1 (C17) 1000 60 - 1
Dowex 1 1000 60 - 2
Dowex 1 (OH or C17) 267 85 58 23
Dowex 1 (No{) 110 24 13,5 23
Dowex 1 (N0,”) 203 - 49™ 28
Dowex 2 (C17) 35 23.3 - 9
Dowex 2 (CH) 35 33,3 - 9
Arberlite IRAZ00 (OH™) | 1000 42 -
Arberlite IRA400 (C17) | 209 46.5 20
Amberlite TRI400 (M0;7) | 450 - 47" 28
Armberlite TRA01 (CH™) | 950 48 - 8
Inac S, (087) 820 90 - 8
Stanex § (C0H™) 160 100 - 8
Deacidite FF (paxrt OH , 500 78 52 29,30
part C17),
mtit S " 6 8 2
Pernutit SK (CH ) %0(7) gg 5 2
Pernutit SK (C1-) 108 22 8 23
Perrutit SK (NOB') 340 - 10® 28
Weak Base
Dowex 3 1500 - 13,6 1
Dowex 3 (C17) 25 - 16,1 9
Anberlite IR4S 1000 - 41 1
Amberlite IR45 203 - 1 3
Aviberlite IR-4B 1000 - 4 1 .

® 50% breakthrough plutoniun capacity at 60°C,
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An examination of the results quoted in Teble 2,1, indicates that
doses of the arder of 107 rads are necessary to produce significant
capacity losses for strong base resins which are the least stable to
radiation, Strong acid resins are more stable toradiation, FPhenol-
formaldehyde resins gppear to be ten times nore stable to radiation than
the polystyrene resins, The former are, however, known to be inferior to
the latter in chemical stability. The data on the weak acid and weak base
resins are meagre and seen to indicate that they come in between the
strong base and strong acid resins in order of sensitivity to radietion,

In addition to capacity losses other effects that must be considered
include changes in the physical and chemical character of the resin, The ,
cha.nge in cross-linking, which is accompanied by a change in swelling
behaviour, is one such effect, The dg.ta on this subject are scarce and
conflicting, TFor exarmple, Nikashina et,al,(10) find that the swelling
of irradiated sulphonated polystyrene decreases with increasing dose,
which is in contrast to the results obtained by Nater (8). The effect
of radiation on the chemical selectivity of the resins towards various
ions geems to be practically an unexplored field, Another question that
arises is whether irradiation of ion exchange resins results in any
undesired naterial being dispersed as a contaminant in the aqueous systen,
It is now known that sulphate is being releaszed from sulphonic acid resins
while anmines ond armonie are being 1liberated from quaternary ammonium
compourds, One inmportant result of this is that the products of irradiation
| of a mixed-bed ion exchanger will get absorbed by the bed and so the
operating capacity of the bed will deteriorate nore rapidly than the

capacity losses due only to the loss of functional groups by the action
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of radiation, Another problen introduced by radiation in the use of sul-
phonic resins for the purification of heavy water is the possible contami-
nation of the deuterium with hydrogen from the resin, In addition to the
above, the limitation which radiation nay place on the application of ion

exchange resin colurms is the possible formation of gas bubbles andl the
fissuring of resin particles which tend to plugthe columm, Practically
no information is available in this direction,

In processing solutions containing high levels of fission products,
the major factor contributing to resin degradation is high beta~gamma
activity, Vhen plutoniun solutions containing low levels of beta-gamne
activity are processed, radiation stability may still be importent in the
useful life of the resin because of the alpha activity of the absorbed
plutoniun, Resin loaded to 100 g. of plutoniun-239 per litre .of resin
receives an alpha radiation dose of asbout 60 Mr. per month, The only
information available in the literature concerning the effect of alpha
particles on ion exchange resins is the reported loss of capacity and
increase in volume of Dowex-50 after exposure to. alphas when the resin
was T0% saturated with plutoniun for a period of 470 days (32).

The work described here deals extensively with the effects of
cobalt-60 garmma rays on the strong base resin Deacidite FF irradiated in
hydroxide, chloride end nitrate forms under different conditions up to
doses of 2000 Mr, Measurements have been made for the loss in strong base
capacity, the gain in weak base capacity, the amounts of nethylamines and
anmonia formed in the leach and the swelling capacity of the irradiated
resin at different doses. Deacidite J, a polystyrene based weak base

resin, has also been irradiated with cobalt-60 gamma rays and the exchange
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and swelling capacities of the resin =snd the basic products formed have
been measured,

In order to compare the effects of gamma and alpha radiaitions
some work has been done on the irradistion of Zeocarb-225, a polystyrene
sulphonic acid resin, It has been irradisted with cobalt-60 ganma rays
up to 1400 Mr. and with alpha particles fron absorbed americium~-241 up
to 8000 Mr., Measurenents have been made of the exchange and swelling

capacities and of the mulphate prodiced,
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Chagter 3

Irradiation of Deacidite FF in the Hydroxide

and Chloride forms

3.1. Introduction

| The earliest anion exchange resins prepared were weakly basic.
Developnent of the quaternary ammonium products which were ionic over
the entire pH range permitted the removal of weak acids such as
carbonic and silicic from vwater supplies. The preparation and
properties of various types of ion exchanée'resins'are well known (33)

Deaciditc FF is a polystyrene based Quaternary ammonium strong

base resin and is supplicd by the Permutit Company Limited.
The polymer is preparsd by copolymerisation of styrene plus variable
amounts of divinylbenzene which is used as a cross-linking agent.
The polymer is made by suspension polymsrisation of styrene and
divinylbenzene. The particles are obtained in spherical form and
range in size from 20 to 200 mesh. Finer mesh materials are available
on a limited scale. The resulting 60polymer is chloromethylated with
methyl chloromethyl ether by a Friedel-Crafts reaction and then
aminated with trimethylamine. The structure of Deacidite FF is
represcnbed by:

FIG.3.L

3 (H CHz—

The structure will hereafter be designated as R-CH, - N(CH3)3



21.

Ion exchange has been defincd as'the reversible exchange
of ions between the solid and liquid in which there is no
substantial change in the structure of the solid. In an ion
exchange resin one of the ionic species is always fixed to a
polymer framework and therefore remains insoluble ond immobile
in the go0lid phase. The oppositely charged ion is mobile and can
exchange with other ions of its own charge in the surrounding
solution. Some of the typical rcactions of the quaternary ammonium

resin are as follows:

+ - +
.1.) R-CH, - = R-CH, -~ - C
(3.1.) R CH, {\IT'(CH3)3 Cl + NaOH Q2 R-CH, N(CH3)3OH 4 NaCl
. _ _ - ,;3, _ _ -
(3.2.) 2R CH, N(CH3)3 cl + Nazso4,((R cH, 1\1(0}13)3 )2 50,
“+2 Nacl

4 - —
(3.3.) 2R-CH,-N(CH,) N03 + (Pu(N0,) )™~ o2

~CH..— +
(R CH, N(CH3)3)2 Pu (1\103)6 21\103

If a polyamine such as diethylenetriamine is reacted with
the chloromethylated polystyrene, & weakly basic anion cxchange

resin will result. The structure of the weak base resin can be
R
depicted as R~CH AN:: 1 where R, and R
2 R2 1 2
or hydrogen atoms. Some of the typical reactions of the wezk

are alkyl or aryl groups

base resins are as follows:
R R
71 — ": s’ 1 -
(3.4) R—CHz—N\R2+ HCl &2 R-CH, - N\-H R, Cl
Rl R,

a1 - {
(3.5.) R—Cﬁz—g - RyC1 +NH40H %R—CHZ—N.- R, + NH401+H20

Like other chemical reacions, those reactions arc all
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governed by mass action. The feasihility of ion exchange rests
on the fact that these exchanges can be reversed but there are
grecat differences in the degree to which the exchange reactions
for different ionic systems tend Ho reverse. The cquilibrium
relationship could be gualitatively deseribed in terms of the
affinity of the exchanger for one ion relative to that for the
other. Relative affinities have bheen found usually to follow
some general patterns in dilute solutions. Affinity is in order
of valence eg. divalent are more strongly held than monovalent,
and among ions of a given valence affinity incroases with decreasing
hydrated ionic radius. Because of the various acid andbase strengths
of the jionogenic groups of different exchangers,hydrogen and
hydroxyl ions are often exceptions to the general rules. The
affinity of the quaternary ammonium resin for some anions is in
the order S0, T NO3-)01" YOH . The ion on the left is able
to0 replace more easily the ion on the right.

The relative affinities for different ions of exchangers
with a given functional group have heen shown to be dependent
on the degree of cross-linking of the resin (34). Within
the range of variation of divinylbenzene content of resins available
commercially this effect can usually be neglccted. As the active
sites are distributed throughout the resin structure, the ultimate
capacity of an ion exchange resin is essentially independent of

the particle size.
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Deacidite FF is comparable in its structure and propertics
to Dowex 1, Amberlite IRA-400 and Amberlite IRA-401. The hydroxide
and chloride forms of these resins have been irradiated with x-
and gamma rays and measurements have been made for the loss in
total and salt-splitting capacities (1,2,3,8,23). Swelling
measurements have 2lso been roported for irradiated Dowex 1 and
Amberlite IRA-401 (8,23). Both in the case of Amberiite IRA 400(3)
and Dowex 1 (23) strong base capacity falls faster than the total
capacity. Wedemeyer (1) finds the chloride form of Dowex 1
less stable to radiation than the hydroxide form, while Smith and
Groh (23) report that both the forms of the resin are equally
stable. Shigematsu and Oshio (9) find the chloride form of Dowex 2,
& quaternary ammonium polystyrcne resin containing dimethiylethano-
lamino groups, more stable to radiation thah the hydroxide form.
The moisture content of the chloride and nitrate forms of Dowex 1
incrcases with dose, whilst the moisture content of the hydroxide
" form decresases with dose (23). The moisturc content of Amberlite
IRA-401 is also found to decrease with dose but no indication is
given of the form of the resin (8). Ammonia was the only basic
product detected by some of the investigators.

The effects.of Co~-60 gamma rays on Deacidite FF which is
partly in hydroxide and partly in chloride form have been studied by
Hall and Streat (29, 30) up to 500 Mr. A detailed analysis of

of the basic products liberated from the resin during irradiation
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is reported for the first time. It ie found that the strong
base capacity falls more rapidly than the total capacity and that
the sum of the basic products released accounts for the decrease
in total capacity. Their results would seem to suggest that

the chloride form of Deacidite I'F is more stable to radiation
than the hydroxide form.

In the present investigation the hydroxide and the chloride
forms of Deacidite FP have been irradiated with Co0-60 gamma rays up
to 1000 Mr. The hydroxide form has also been irradiated in the
absence and presence of water and oxygen respectively. In each
case detailed measurements have been made of the exchange and
~swelling capacities of the irradiated resin and of the amount of
each basic product formed. The results obtained serve to discount
some of the mechanisms of the radiation induced decomposition of
Deacidite FF suggested by Streat (29) and to throw light on the
more probable course of decomposition.

3.2. Experimental

3.2.1. Preparation of the chloride and the hydroxide forms of

Deacidite FF Resin

The Deacidite FF resin used was 7-9% crosslinked, had a water
regain of 0.6-1.0 and was of 100-200 mesh size. It was supplied
in the chloride form. Any solubie impuritics that might be
associated with the resin were washed out first with distilled

water and then with warm methanol followed by distilled water. To
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ensure that the resin was completely in the chloride form, it was
treated with several volumes of 4% NaCGl solution and then washed
with water. The resin prepared by this procedure contained the qua-
ternary groups as chloride and the weak base groups, which formed
about 5% of the total capacity of the resin, as free base.
Conversion of the chloride form of the resin to the hydroxide
form has been found to be difficult (1,29)+ 1In the present
investigation this conversion has been achieved by the passage of
4%nsolution of A.R. sodium hydroxide containing, small amounts of
carbonate. The resin was finally washed with distilled water,
free of alkali. It was found that the resin so prepared contained
95% of the quaternary groups as hydroxide and the rest as carbonate.
The volume of 4% sodium hydroxide solution required for the conver-
gion was about sixbty times the bed volune passed through a period
of one week. The hydroxide form of the resin was always kept
under water in a stoppered bottle to prevent absorption by the
resin of atmospheric carbon dioxide.

3.2.2., Irradiation of Resin Samples

The resin samples were irradiated with gamma rays from the
kilocurie C9-60 source in tie Nuclear Technology Laboratory,
Imperial College (35). The source is cylindrical and the outer
source capsule has overall dimensions, 0.565 in.diameter By 6 in.

length. The test-tube containing the resin sample was placed
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vertically perallel t¢ the source. The horizontel distance was
fizxed at 3 cm. and the dose-rate variation with the vertical
movement of the resin sample was studied. The results ars
plotted in Pig.3.2. The vertical position of the resin sample
wae fixed so that the centre of the sample corresponded to the
meximum duse rate of 0.6-0.7 Mr/hr. The Fricke dosimeter (36)

was employed to measure the dose-rate. The procedure was as followss

3

I3

approximately 10 °M ferrous sulphate solution was prepared by

discgolving the following rcagents in one litre of triple distilled

watoer.
(NH4)QSO4FGSO4, 6H20 eeves AJR. Oudg
Nkl ... ess A.R.0.06g
H2804 ven ves eee A.R.3.00 ml.

A suitable aliquot of this solution was transfefred to the
irradiation vessel and placed in exactly the same position as the
irradiated resin sample had been in. The ferrous sulphate solution
was irradiated to receive 10000-30000 rads. The optical density

of this solution was measured at 304 mur, using a Unicam 5.P.500
Spectrophotometer, against unirraliated solution as a blank. The
radiation dose was calculated assuming the G value for ferrous ion
is 15.5 molecules per 100 ev and the extinction coefficient for
ferric iron is 2115. The detaile of the calculation are gaiven in
Appendix 1.

The hydroxide form was irradiated under the following five

£
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different sets of conditions:

(a) Resin Slurry

Samples of approximetely l-2g of moist resin and about
5 ml. of water were placed in glass stoppered tcst tubes
(approximate volume 12 ml) with ungreased stoppers. They
were irradieted a2t 3 om from the kilocurie source, the tost tubes
being located in a holder designed to ensure that the positioning
of the test tubes was exacily reproducible. In this method the
diffusion of atmospheric air into the resin was very slight and
the only oxygen available was that dissolved in water. Irradiations
were carried out up to 1000 Mr.

(b) Resin Slurry in thc presence of cxcess oxygen.

The second method consistea of passing oxygen through the
slurry of resin in water continuously during irradiation. The
apparatus used for this purpose is illustrated in fig.3.3.

The exit gas was passed through two traps to remove any
volatile basic products that might be carried over. In the earlier
experiments both the traps contained water and in the lder
experiments the first trap contained water and the second one
dilute acid solution. It was found that apprecizble quantitics
of basic products were carricd over into the traps from the
reaction zone and that the water trap allowed some basic products
to escape while the acid trap prevented this (see section 3.3).

The traps were situated 24ft. from the source and behind 2 in. of
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lead in order to ensure that no radiation-induced decomposition

of the volatile products could occur. In preliminary experiments

a vessel without a bulb (upper end of irradiation tube) was used

but it was found that the resin slowly crept up the sides of the

vessel until most of it was carcied out of the aqueous phase.

The introduction of the bulb greatly reduced this effect. The bent

side arm prevented lezkage of the solution. Radiation-resistant

grease (Shell APL 400) was used for the stop-cock and the joints.
In this procedure the irradiations were carried out with

an excess of molecular oxygen up to 155 Mr. A blank experiment was

also done by passing oxygen through the slurry of resin in water

without irradiation.

(c) Resin Slurry in the absence of oxygen.

The third method consisted of irradiating a slurry of
resin in water in the absence of oxygen. Two procedures were
tried for the removal of oxygen prior to irradiation. The
first consisted of freezing the slurry in a test tube, removing
the a2ir above the frozen solid under a vacuum of about 10—4mm.
of mercury, releasing the air dissolved in the glurry by
warming to room temperature and repeating the entire process two
or three times. This procedure was abandoned, because of
frequent cracking of the tube - probably because of the expansion

of the slurry when frozen. The use of a round-bottommed vessel

instead of the test tube might have prevented the cracking, but
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such a vessel could not be used since it was necessary to place
the resin very near the source tube to get a dose-rate of 0,6-0.7
Mr/hour.

The other method for removing oxygen was to pass oxygen-free-
nitrogen (purified by passing through alkaline pyrogallol) through
the resin slurry for zbout one hour. The vessel used for this
purpose was similar to the one used for the oxygen--passing exﬁerimento
The stop-cocks at the bottom and top were closed after the passage
of nitrogen and the fesin was réady for irradiation. One difficulty
in this procedure wazs thet pressure tended to develop in the
‘reaction vessel during irradiation and this could be relieved only
by one of the greased joints giving way. In one experiment all
the solution was lost through the lower stopcock.

Irradiations in the absence of oxygen were carried out up
to 300 Mr.

(d) Dry resin in the presence of excess oxygen.

The fourth method consistcd of irradiating dry resin with
oxygen being passed through continucusly.

The vessel used in this experiment was similar %o that
shown in Fig.3.3, The oxygen gas was passed through a tower con-
taining dried silica gel prior to it entry into the reaction vessel.
It was expected that the constant passing of the dry gas over the

resin would tend to remove any moisture associated with the
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resin. The outgoihg gas was passed through another tower containing
dried silica gel prior to its passage through the water and

acid traps. The purpose of the second silica tower was to ensure
that the resin under irradiation was kept in a dry atmospnere.

Irrédiations were carried out up to 174 Mr.

It was not bossible to dry the hydroxide form of Dsacidite FF
above lOOUC, as it starts to decompose at a temperature of about
60°c. The dry form of the resin was therefore prepared by
removing the moisture under vacuum at room temperature. It
was necessary however t0 ascertain the residual moisture content
of the resin dried by this procedure. For this a sample of
moist nitrate form of the resin was placed together with the
hydroxide resin in a vacuum dessicator and the vacuum pump was
allowed to run overnight. The moisturc content of the nitrate
resin dried by this method was determined by heating at 10500 in
an oven and found to be 4% by weight. It was assumed that the
moisture content of the vacuum-dried hydroxide resin was the same.
Since the dry hydroxide resin was found to have great affinity
for carbon dioxide (see Section 3.2.6), every preczution was taken
to expose it to the atmosphore for the minimum time. For this
reason the vacuum dessicator was filled with nitrogen before
opening. Capacity measurements on the vacuum dried hydroxide resin
showed that slight decomposition of the resin had taken place

during the vacuum drying operation (Table 3.8).
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(e) Dry resin in the absence of oxygen.

The final method of irradiating Deécidite FP hydroxide
was to exclude oxygen and water during irradiation. The resin
was dried by the method described above. The procedurces used
for removing oxygen wore the same as those used in the case
of resin slurry in water. Since there was no water, the tube
did not crack when the dry resin was deaerated under vacuum.

N e 4

Wevertheless the removal oionygen—free nitrogen was preferred for
two reasons. Firstly, it was analogous to the method employed for
the resin slurry in water. Secondly, the volatile basic products
would be removed from the resin when it was under vacuum, while the
high adsorption capacity of the dry resin (see section 3.3.) might
be expected to retain the products on the resin when it was
irradiated in the nitrogen atmosphere. The grease on the stop
cork was lisble to crack and so some of the volatile products
could be lost. Becausc of the high adsorption capacity of the

resin, however, it was thought that this effect was not serious.

Irradiations were carried out up to 200 Mr.

Although the hydroxide form of the resin was irradiated
under the sbove five sets of conditions, the chloride form was
irradiated up to 1000 Mr. in water and in TM HC1 under only

one set of conditions viz. in a test tube closed with an ungreased
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stopper.

All the irradiations were carried out at room temperature.
Even prolonged irradiations did not produce any noticeable change
in the temperature of the samples.

3,7, % Measurement of Ixchange Capacity

The irradiated resin and the solution in contact with it
were transferred to 2 sintered filter. The resin was thqroughly
washed with distilled water. The filtrate and the washings were
20llected ard made up to & Xnown volume. This solution contained
the products liberated in the leach during irradiation, and these
were analysed by the methods to be described in section 3.2.4. In
the case of the dry resin under vacuum the stop cock was opened
under water to dissolve the volatile basic products. No back--suction
of weter took place in any of the experiments thereby indicating
that the vacuum had been lost during irradiation.

After the irradizted resin had been thoroughly washed with
water, measurements were made of the strong base and the weak base
capacities. The weak base groups were present as free base
in the case of both the hydioxide andi chloride forms,; but the
strong base groups of the irradiated hydroxide resin contained
hydroxide, carbonate and nitrite ions, while those of the irradiated
chloride resin contained only chloride ions. Hence the details

of the procedures adopted for the estimation of capacities
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were different in the two cases and are described separately below.

(i) Measurement of exchange capacity for the irradiated

Hydroxide resin.

The irradiated resin in the sintered filter tube was washed
well with water. 100 ml. of 4% solution of sodium chloride were
passed through the resin and the eluate was made up to a known
volumc. In this process the hydroxide, carbonate and nitrite ions
attached to the resin were replaced by chloride ions. The eluate
contained the replaced ions. _The concentrations of the hydroxide
and carbonate ions were determined by titrating a;iquots from the
eluate with N/lOHCl using phenolphthalein and methyl orange
indicators. Pirst phenolphthaiein was added and when it bhecame
colourless the amount of N/lOHCI consumed gave the value of the
hydroxide concentration. Then methyl orange was added and the
difference between the end-points for the two indicators gave the
value of the carbonate or bicarbonate concentration., No attempt

was made to distinguish the carbonate and bicarbonate

concentrations.

Another aliquot from the eluate was used 1o measure the nitrite
jon concentration using the colourimetric procedure developed by Shinn
(37). This consisted of measuring the optical density at 540 mAL
of the colour produced by the diazotisation of sulphanilic acid

by the nitrous acid and the subsequent coupling with N-l-naphthylethyle-
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nediamine. The method was sensitive to 10 M solutions of nitrite
ion. A calibratién curve was prepared using a standard solution

of sodium nitrite. The cetails of the procedure and the calibration
curve are given in Appendix 2.

The eluate was also tested for nitrate ion but in only one
cagse was a small amount of nitrate capécity detedted. The
procedure employed for the detection of nitrate in the presence of
nitrite is described in section 4.2.3.

After the passage of 4% WaCl solution the irradiated
rcsin was washed well with water to remove the excess chloride.
Then the chloride ions attached to the strong base groups ;ere
removed by passing 100 ml. of 4% sclution of NaQSOA. The released
chloride ions in the eluate were estimated by Volhard's method
(Appendix 3). The value of the chloride strong base capacity
should equal the sum of the values of the hydroxide, carbonate
and nitrite capacities. This is usually so, although there are
some unexplained discrepancies.

The excess sodium sulphate was washed off the resin with
distilled water. The resin had then the strong base groups as
sulphate and weak base groups as free base. 100 ml of 4% solution
of HC1 was passed through the resin to form the weak basc hydrochloride.
The excess acid wes washed off with methanol to prevent the

hydrolysis of weak base hydrochloride. Then 100 ml, of 0:15M solution

of ammonia was passed through the resin to hydrolyse the
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hydrochloride. The eluete was made up to a known volume and the
chloride concentraticn was detcrmined by Volhard's method. This
gave the amount of weak base groups preosent.

In the capacity determinations described above preliminary
experiments were carried out to determine the volumes of cluate
which was necessary to displace the appropriate ions completely.

The resin was finally washed with distilled water, transferred
to a sintered glass crucible, dried at 10500 in an oven, and
weighed. The capacities are expressed as milliequivalents per
gram of the final dry woight of tho rosin (meg/g).

The exchango capacitics of unirradiated hydroxide resin

[,

were determined b%ksimilar preedure.

(ii) Measurement of exchange capacity for the irradiated

chloride resins

The procedure employed was the same as used in the case qf the
irradiated hydroxide resin after its conversion to the chloride form
by passing sodium chloride., . The irradiated chloride resin was
washed well with distilled water and then 4% solution of Na2804
was passed through the resin. The amount of relpased chloride ions
in the leach, determined by Volhard's method, gave the value for the
strong base capacity. The resin was washed with water and then

4% solution of HQLl was passed foullowed by methanol. 0.15M solution

of ammonia was subsequently pessed and the amount of chloride ions
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in the eluate gave the value for the weak base capacity. The
resin was then washed with water, dried at 10506 and weighed.
A similar procedure was used to determine the exchange
capacity of the unirradiated resin.
The sodium sulphate leach was tested for nitrite, but none
could be detected.

3,2.4. Measurement of products in the leach

The filtrate and the washings of the irradiated resin
contained the water~soluble products. The following products
were determineds the three alkylamines (methylamine, dimethylamine
and trimethylamine), ammonia and formaldehyde. The leach of the
irradiated chloride form of the resin also contained the liberated
chloride ions and these were determined by Volhard's method.

Analysis of Nitrogen Products.

The methods available in the literature for the estimation
of alkylamines and ammonia in the éresence of one another include
the action of nitrous acid under controlled conditions (38,39,40)
and acylation of a mixture of amines followed by titration against
perchloric acid (41). These methods could not be applied to the
solutions under consideration, since they very often contained
only microgram quantities of the products and hence more sensitive
methods had to be developed. Application of vapour phase chromato-

graphy for the separation and estimation of the amines and ammonia
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was considered, but, at the timé, no suitable equipment was
available and it was also thought that there would be considerable
difficulty in developing a sufficiently reliable method. The

use of salting-out chromatography on an ion exchange resin for
the separation of amine mixtures has been suggested (42).

Such a method may be suitable for the separation of the amines
and ammonia but was not attempted.

The procedure employed in the present investigation involves
the use of an individual colourimetric method for esach of the
three amines and ammonia. The cclourimetric procedures were rapid
and repréducible and suffcred minimum interference from the
presence of the other three basic products. The methods were
developed in collaboration with Streat (29,30).

(a) Tertiery Amine.

The method employed for the estimation of trimethylamine
is based on Dyer's procedure (43) for the micre-estimation of
trimethylamine in fish muscle. Dyer used a modification of the
picrate method which weB first developed by Richter, Lee and Hill (44),
for the determination of amines in blood. Trimethylamine was
estimated by the colour produced by the amine picrate in toluéne.
Dimethylamine 2lso produced a yellow colour with picric acid. If
the absorption spectra of the twvo substances had differenv maxime,
then it would be possible to determine both tri- and dimethylamine

by the picrate method alone. It was, however, found that the two
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spectra were identical in shape. It was necessary, therefore,

to determine the concentration of dimethylamine by another method,
so that an allowance could be mede for its contribution to the
optical density of the yellow amine-picrates. The broad peak at
410 mAL was chosen for analysis. The details of the procedure and
the calibration curves for both dimethylamine and trimethylamine
picrates are given in Appendix 4. The calibration graphs were
prepared using dilute amine solutions prepared from concentrated
solutions supplied by B.D.H. and sténdardised by titration with
acid. It was shown for two different synthetic mixtures of amines
that the optical density at 410 mse was additive. The method was
sensitive to millimolar amine sclutions and reproducible to within
* 2%. The seﬁsitivity of the method to tertiary, secondary and
primary amine was in the ratio 20 ¢ 4 : 1.

(b) Secondary Amine.

Procedures for the determination of dimethylamine involving
the formation of nitrosamine by the action of nitrous acid (45) or
the interaction of secondary amines with sodium nitroprusside to
give a violet blue compound (46) were found to give unrcliable
results. The procedure used here is that of Stanley, Bavm and
Gove (47). Cupric dimethyldithiocarbamate was formedfrom dimethyla-
mine and extracted into an organic layer. The colour intensity

of the complex was rcad at 434 mAp# The reoaotions taking place are:
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(CH,), NH +CS,# NH, —3% (CH,), 1\T.§SNH4

4+

¥ o+
2(CH3)2 N.g.SNHAr—t- Cu - E(CH3)2 Ngs] 5 Cu*'2NH4

Neither trimethylamine nor equal concentrations of monomethylamine
and methanol were found to interfere. The details of the procedure
and the calibration curve are given in Appendix 5.

(¢) Primary Amine.

Rimini's test (sodium~nitroprusside and acetone) did not
indicate the presence of any methylamine in the leach of the irradiated
resin. A more sensitive colour reaction involving the fofmation "
of p-nitrodiazoniumchloride and its coupling with methylamine (48)

was used in the present work. The reaction has been represented as

*
NE NG Nz N-NH-CHs
i i
ogme Q= O
NOZ Nc'zr
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It has been shown (49) that tertiary and secondary amines do not
interfere at all concentrations, while ammonia at concentrations
not exceeding that of primary amine also does not interfere. 1In
the present investigation it was found that the tertiary and
Saecondary amines produced a yellow precipitate which had to be
removed by centrifugation before reading the colour developed by
the primary amine. The method is sensitive to 10_4M solutions
and the reproducibility is of the order of 10%. The detailed pro-
cedurc and the calibration graph are given in Abpendix 6o
(d) Ammonis

The application of Nessler's reagent for the estimation of
amionia was found to be unsatisfactory because of the formation of a
white precipitate with secondary amines. A method involving the
absorption of ammoﬁia by yellow mercuric oxide (50) was also not
successful., Ammonia is estimated in the present work as indophenol
using the procedure described by Bolleter et al (51). The colour
developed obeyed Beer's Law, but the slope of the calibration
graph showed some variation with different samples of chlorine water.
The graph given in Appendix 7 illustrates a typical calibration curve.
Po get reliasble results it wes found advisable to anelyse a standard
sample along with the unknown sample. The method is sensitive to
1(3“3 molar solutions and is considered reproducible to ¥ 5%. The

detailed procedure is given in Appendix 7.
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The use of the four colourimetric procedures described above
gave the concentrations of the methylamines and ammonia individually.
In order to check whether ther«¢ was any other volatile basic product
an aliquot of the leach solution was made alkaline, steam-distilled
and the distillate titrated with standard acid or absorbed in
excess of acid which was then titrated with standard alkali. An
estimation of nitrogen in the leach by Zjeidahl's meihod was also carrier
out to detect the presence of any non-volatile nitrogeneous product.
The details of the Kjeldahl method are given in Appendix 8. All
quantities are expressed in terms of meq/g. of the dry final weight

of resin.

Analysis of other Products i

The estimation of formaldehyde by a colourimetric procedure
(52) involving the use of chromotropic acid (1s8-dihydroxynaph-
thalene ‘3:6-disulphonic acid) was carried out in only a few cases
since the concentration of formaldehyde present was found always to
be very small. S

Peroxide was tested for by reaction with acidified potassium
iodide in starch solution and methyl alcohol by oxidaticn with
potassium permonganate and detection of the aldehyde formed

by chromotropic acid. These methods were not developed



quantitatively, as the products were not detected.
No nitrite was detected by the diazocolour reaction
to which reference has already been made.

3.2.5. Measurement of Swelling Capacity

The swelling capacity referred to here is the weight swelling
capacity in water, thaet is, the amount of weter taken up by the
dry resin when fully swollen in watcr and is expressed as grams
of water per gram of dry resin. To obtain this it is necessary
to measure the wet weight and dry weight of the same quantity of
resin. Dry weight can be obtained by drying the resin at 10500 and
weighing it. Nater (8) determined théﬁ?iight of resin by transferring
the fully swollen resin %o a glass filter, sucking it off,drying
the resin particles with filler paper and then weighing.  Nikashina
et.al.(lo) measured the volume swelling of the resin and used a
graduated flask for determint® thc volumes of the dry and wet resins.
In the present investigation a more refind method for
measuring the swelling weight due to Pepper et.al.(53) was used.
The wet weight of the resin was ascertained by shaking it with
water and veighing after centrifugation. Care was taken not to
allow any evaporation of water from the resin during centrifuginge.
The speed of centrifuging was maintained at 400g. At higher speeds

(1000 - 5C00g) Preston (54) has found that the amount of residual
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vater decreascs linearly with the feciprocal of the centrifugal
field and so it might be expected that the resin is no longer Fuﬂy
swollen at the high speeds. The amount of residual water held
externally to the beads of resin after centrifuging . was neglected.
This value has been estimated (53) to be about 4% of the wet weight
for sulphonated resing. The details of the measurement of swelling
weight arc given in Appendix 9.

3.2.6. BStudy of the effect of atmospheric carbon dioxide on

the hydroxide form of Deacidite FF

The hydroxide form of the strong base resins is known
to have a strong affinity for carbon dioxide, particularly when
dry, but no systematic investigation of this has been reported.
In the present investigation and in agreement with Streat (29)
Deacidite PP hydroxide is found not to absorb carbon dioxide and
not to lose strong base capacity when kept under water.

The absorption of carbon dioxide would be exzpected to be
greatest when a perfectly dry sample of the resin is allowed
to stand in contact with the atmosphere. Because of the very
hygroscopic nature of the dry resin such an experiment would be’
difficult. The effect of atmospheric carbon dioxide on an air-dried
sample & Deacidite FF hydroxide was therefore studied. About
0.5~1.0g of moist resin was dried between folds of filter paper and

spread in a thin layer on a watch glass. It was allowed to stand

on the wrk bench exposed to the atmosphere for different periods
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of time. At the end of the exposure period the resin was transferred

to a sintered filter,: washed well with water and 4% solution of Na, S0,

was passed through the resin. The amounts of hydroxide and carbonate
ions in the eluate were determined. The weak base capacity was also
determined by the method already described. In some cases the
experiment was done in duplicate. In such cases one sample was
analysed for the hydroxide and carbonate capacity only while the other
sample was analysed for total strong base chloride capacity also.

The results obtained are given in Table 3.1 and Fig.3.4. It is
found that carbon dioxide is rapidly absorbed by the air-dried resin
(about 704 conversekion from hydroxide to carbonate in 20 hours). The
small conversion of strong base groups to weak base groups appears to
be due to the process of drying (Table 3.8).

TABLE 3.1
Effect of Atmospheric Carbon dioxide on air-dried Deacidite FF Hydroxids

No. of Strong base capacity: meg/g: g:zz Final %
hours'of - —=| sum of ercen=s - capacity we1gh§§
standing OH €0 ™} o ama 00 gagg_of I e 2
Wil 3.82 0.31 4.13 745 4.05 0.35 | 1.186
5 2.23 2.00 4.23 47 - 0.49 | 0.7241
24 0.93 3.56 4.49  179.4 - 0.45 | 0.8934
12 0.49 3.64 4.13 88 - 0.51 0.909%
168 0.45 3.44 3.89 88 [ - 0.63 | 0.3031
168 0.43 3.46 3.89 89 3.64 0.63 | 0.325
336 0.46 3442 3.88 88 3.68 | 0.62 | 0.4412
336 0.43 3.42 3.85 89 - 0.65 | 0.4053%
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3.3. Results and Observatlions

z,_31.,3.1 Irradiation of Deacidite FF Hydroxide

The results obtained in the study of the effects of gamma
radiation on Deacidite FF hydroxide under various conditions are
given in Tables 3.2 to 3.11l. and Fig.3.5 %o 3.14.

When the hydroxide form of the resin is irradiated as a
slurry in water in a test-tube closed with an ungieased stpper,
the loss of hydroxide capacity with dose is taking plce at a rapid
rate (Fig.3.5. and Table 3.2.). Half the hydroxide caprcity is lost at o
dose of 180 Mr. This value agrees with that reported by Smith and
Groh (23). The sum of hydroxide and carbonate capacities represents
~the total stromgbase capacity. The change of carbonate capacity
with dose is found to be quite small. Consequently the rate of loss
of strong base capacity (measured as chloride) is very much the same
as that observed in the case of the hjdroxide capacity (Fig.3.6.).
When log of the percentage of the”remaining strong base capacity
is plotted against dose (Fig.3.7.), it appears that the curve is
bullt up from two terms, each term expressing a linear relation
between the logarithm of the residual capacity and the dose.Nater
(8) and Hall and Streat (30) in their study of the effects of
radiations on ion exchange resins and Baumann (55) in her study
of the thermal decomvosition of Amberlite IRA-400 have observed first-
order decompositions. The loss in strong base capacity is due to

+
the decomposition of the quaternary ammonium group R-CHy-N (CH3)3



TABLE 3.2.

Irradiation of Deacidite FF Hydroxides water slurry.

Variation of Exchange and Swelling Capacities

49.

M
M

Stronghase capacity: weak final Swellin
Dose Heg./g. base weight | weights
Mr. Sum of capacity meq./g. g. of H2
OH™ § CO.T §OH andi €17 }meq./g. per g. o
3 003—_ [ dy resiJ
r ! ?
Nil 3.95 0.2 1 4.15 4.07 .25} - 0.96 i
Nil 3.82 0.31§4.13 4.05 0.35 - -
11.4 — 5¢58 0.18 § 3.76 3.66 ¥ 0.50 - 0.7169) 1.21
63 L 2.89 0.30 { 3.19 3.06 | 0.76 { 0.68911 1.15 ;
86 | 2.62 0.32 }2.94 2.88 § o0.73| 0.9455] 0.89 |
200 1.33 0.6 §1.93 1.85 | 1.09] 0.9125{ 0.615
400 0.41 0.43 $0.84 0.6 1.53 | 0.5388 | 0.36
705§ 0.12 0.27 §0.39 0.07 | 1.44 | 0.7920% 0.165 j
'}
985 0.054 0.22 }o.27 Nil 0.96 | 0.5136 | 0.35




Table 3.3: Irradiation of Deacidite FF Hydroxide: water <lurry.

50«
Variation of Basic Products in +the lLeach.
Dose (GHB)jN (GHS)ZNH cHS.an NH. |Sum of Volgtils Kjeldahli
N products! base Nitrogen
Mrs | meq-gs | meqa/e meqy/g- hmeq/g-meq/g- meq/g- meq/g:
11.4 | 0.131 0.04 0.02 0.023 {0,214 0.19 0,231 ?
35 | 0,382 | 0.162 0.029 | 0.018}0.591 0.547 | 0.675
63 | 0.468 | 0.258 0.07 | 0.,076]0.872 0.73 0.94 |
86 | 0.658 | 0.34 0,046 | 0.06 [1.1 1,01 1,15
222 0.986 0.635 0.067 | 0.206 |1.89 1.64 1.95 g
400 0.89 054 0,117 | 0«45 |2.00 2,18 32 ?
705 0.68 0,245 051 0.62 {1.86 1.79 2.3 ;
985 | 0435 0.046 0.64 | 2.13 13.17 2,92 2.86
Teble 3.4: Irradiation of Deacidite FF Hydroxide: water slurry with
\ oxygen passing continuously. Variation of Exchange and
Swelling Capacities,
Dose |Sfrong base capacity: w3q/e geak gigaii ::iliing
OH GOB—- l\TO2“ gEE ogo'-— o1~ c:;Zcity =8 g.og H20
My, & oL~ meq/ g g | per g “of
: 2 . dry resin
Nil |3.89[0426 | - 14.15 ¥1.06 | 0,30 - 0.96
Ni1® | 2.8910.99 |nil |3.88 3.76 | 0.64 - -
33% {1.911,18 | 0.05 |3.14 3,29 | 0,81 0.9898 | 1.14
62 1.86 /0,67 | 0.029}2,56 2,841 1.04 14446 1,2
63 11.02!1.02 {0.056{2.1 .78 1.02 1.008 | =
73% 11.03!1.05 | 0,077|2.16 2,52 1.19 0.9325 | 0498
81% 10.77641.256} 0.125|2,16 2,56 { 1,18 0.9276 | 1.19
138 © {0.35!1.14 | 0.146]1.64 1,89 1.54 0,7415 | 1.17
138 [ 0.32|1.6 |0.13 |2.05 2,14] 1.36 1,199 | 1.18
155  10,334_1.21 [ 0,11 :1.65  __|1.62| 1.71 0,9671 | 1.11
[NO3
0.04) |

Dosimetry uncertain because of creeping of resin.

@

for about

Oxygen from the cylinder was passed continuously through the slurry
.one week without irradiation.



Table 3453 Irradiation of Deacidite FF Hydroxide: water slurry with

51.

oxycen passing continuously. Variation of Basic Products

in the Legch.

Trap solution , _ _ . - §~ !
Dose | yo1. of| Nature of | (CH)sl | (CHy) NH| CH,.NH, | NH, ﬁgm of Vgiztlxaj
MI‘. 1 . T 1 . Y ’ «f of, 4 or. of o, 3 -
ig.n rap soln.| meg/g meq/g meq/g- | meq/g ‘.~.,;imeq/@
nea/e:
3% 1 5  |Resin soln.| 0.014 | 0,0105 | 0.023 | 0.069| 0:106 |0.112
81 Water trap | 0.045 | 0.006 0.007 | 0.024{ 0,082 {0.064
137 Acid trap | 0.142 | nil 0,003 | 0.014} 0,159 {04135
Sum 0.201 | 0,017 04033 | 0.107} 0.347 {0.311
62 5 Resin solﬁi‘ ' ' ' :
60 |Wator teapy O+113 | 0-063 0.023 | 0.03 04229 0,232
50 Water trap - - - - - 0.013
Sum® 0.119 | 0.067 0.024 | 0.032| 0.242 |0.245
63 5 Resin soln.| 0.049 | 0.085 0.093 | 0.049 0,276 0.286
68 Water trap | 0.223 | 0.013 0,001 | nil | 0,237 [0.217
140 Acid trap | 0.137 | nil nil nil | 0.137 {0.13
Sum 0.409 | 0.098 | 0.094 | 0.049 0,650 |0.633
73* 5 Resin soln} " ' ) >
L] o L . Oo i
60 [Water trap 0.053 | 0.069 0.026 | 0,023 0,171 i4
50 Water trap - - - - - 0,013
Sum® 0.056 | 0,073 | 0.028 | 0.024{ 0.181 0.227
81" 1 5 Resin soln.] 0.027 | 0.037 0.032 | 0,026 | 0,122 [0.131
K(0.194;
70 |water trap | 0.690 | 0.052 0,018 | 0.05 | 0.21 [0.206
K(0.235;
50 Water txrap. - - - - - 0.02
? ks : . LN s '
; Sum 0.124 ‘| 0.094 0:053 | 0.08 l0.352 l0.357

continuedces.s

'

v

13



Table 3.5, Continued.esce
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, : ] . | o
Dose |—Zap solution (CH,). | (GH,).NE |CH..NE, WH. |Sum of Volzis
3’3 3/2 3072 i
T Vol. of | Nature cf e o / . n / ) / N basa
" | soln. Trap soln. /e | meg/g ca/g"  fueq g’pﬂﬂﬂ@&ﬂmeq/gc
ml. meqy/g-
138 5 Resin soln. 0.795 | 0.094 0,044 10.097;0.34 l0.394
. K(0.59. :
58 Water trap | 0.141 0,038 0.022 {0,085[0.286 |0.274
K(0,274 .
50 Water trap - - - - - 0,015
Sum®  |0.252 | 0.135 | 0.068 [0.186i0.64 |0.683
138 5 Resin soln.{ 0.278 | 0.14 0.044  0.20210.664 {0,527
| _ k(0.7
82 Water trap | 0.17 0.02 0,003 Hil {0.193 |0.173
80 Acid trap [0.023 | nil nil mil  10.023 0,029
Sum 0.471 | 0.16 0.047 $.202{0.88 [0.729
155 5 Resin soln.[0.113 | 0.113 0.055 1.09910.38 |0p5] 20 .
6 Water trap {0,235 | 0.03 0,007 D.03610.31 10.32
86 Acid trap |0.256 ! nil nil .01 10,266 {0.287
! Sum 0.608 | 0.143 0.062 L,145§o.956 [1.117

*
Dosimetry uncertain because of the creeping

of resin.

® The sum values for the individual basic products include the calculated
values in the trap solution which was analysed only for the total

volatile base.
is 0.194 meq/g.

K(0.194) means that the value of Kjldahl nitrogen



table 3.6:
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Irradiation of Deacidite FF Hydroxide: water slurry in the

absence of Oxymen, Variation of FExchange and Swelling Capacities.

]

-

Strong base capacity: meqy/e-| Weak Final | Swéiling
Dose| .~ t - base Weight Weight
Mr, od C03 ggg gid ¢l capacity . g-of H,0 pan
) Cb‘ — meq/g. 8 g. of dry :
3 resin
Removal | Nil|3.89{0.26 | 4.15 4,06 | 0.30 - | -0.96
oxygen byl 13|2.73(0.16 | 3.89 3.82 0.49 0.7444 1.13
passing :
nitrogen | 12411.97 {0.32 | 2.29 2,21 0.92 0.6269 0.90
for one ‘ :
hour 30040083i0u44 1.27 1.02 1.28 0.9084 -
Removal
of ‘ :
oxygen 268 0078 0044 1.22 1 015 1 035 007753 Om41
under i
| vacuum Q) ;

Table 3.7:

Irradistion of Deacidite FF Hydroxide: Water slurryjin the

absence of Oxygen. Variation of Basic Products in fhe‘Leach.

; i

Dose |(CH,).N| (CH,).NH {CH,.NH {NH., {Sum of {Volatile|Kjeldahl ,

3°3 3% 3.2 3 i base © | Nitrogon i

lir. | meqfe meq/g- meq/g meq/é'mro&wﬁs meq/g | meg/g. |

__meg/a. k [

Removal - . . ‘
of 13 | 0.156 | 0,047 0.022 |0,031{0.256 [0.216 | 0.23 g
oxygen by : i
passing }124 0,89 0.495 0.097 [0.178 {1.66 1.36 1.56 1
nitrogen ; i
for one i
hour i
Removal i
of ]
oxygen 268 1.19 0.79 0,057 [0.148 2«19 2,14 2.92 i
undexr ,
vacuum (%) i |




Table 3.8:
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Irradiation of Deacidite FF Hydroride in the dry form with

Oxygen passing coatinuously..

Variation of Exchange and

Swelling Capacities.

Dose btr( = bffe oapaclty. neq/g Weak Final | Per cent | Swelling
i OH ™ CO3 Sum of be1m i base  [Weight | loss in | weight
: OH and capacity| g- weight g-of H2O/
CO3 meqy/g- ; g.OJ“.' dry
= resin
wil* 13.5810.4 | 3.98 - 1 0463 - - 0.96
16 [2.8210.31 ! 3.13 3.17 0.83 l1.07, 9.3 . 1406
174 0.86]0.71 157 1.75 1.6 §1.323 1906 - 0.94
LOFygen was passed, but the resin was leff in a dessicator
G O
Table 3n9ﬁ Irradiation of Deacidite FP Hydroxide in the dry form with
Oxygen passing_gontinuouslz, Variation of Basic Preducts in
the Leach.
Dose FX2RSIMEION Yoy ) v |(CH,) NH|CH,.NH,| NH, |Sum of |Volstile
Y Vol.o@ Nature me3/3 o 3/ 2é/ 2 me ; N base i
" isoln. | of trap e ed/e ney & e g'products meq/g- i
ml . soln. meq[g. T
16¥] 5 ¥ Resin san{0.36 [0.01 | nil |nil |0.375 0,378 |
K(0.41)
50§ Dried - - - - - 0.036 i
gilica
Sum® 0,40 | 0.01 nil  |nil {0.41 0.414
174* 5 Resin sdn.|0.667 0.083 0.009 |nil 0.766 0.846
K(0.865)
50 Dried - - - - - 0.168
silica
Sum® 0.80 {0.10 ] 0.01 {nil 10.91 1.014 i

* The water and acid traps were anélysed for volatile base only and they

ware found to contain 0.01 to 0.02 meq/g.of volatile base only.

® The sum values for the individual basic products include the calculated
values in the silica trap solution which was analysed only for the
total volatile base.,
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Table 3.10: Irradiation of Deacidite FF Hydroxide in the dry form in
the absence of Sxygen. Variation of Exchange and Swelling

Capacities.

D Strong base capacitys | Weak FinaiAfPer cent Swelling
ose . . .
meqsg- base weighti loss in | weight
i Mr - - | capacity] weight | g of H,0
OH { CO.~- Sum of | C1 . 2
3 OEE and meq/é- g' g per.g,of §
— resin
Co
3
R ’; T
Of . . . v .
passing | 101(2.71{0.32 | 3,03 3.06{ 0.67 1.1 16.7 0.95
nitrogen i
fOI‘ One ;68 1'9 0056 2.46 2.65 0'84 ! 1.614 22 Ll !'
hour , i
T ' H
Removal
of
oxygen
under
vacuun (?)| 18911.00{0.65 | 1.65 1.71{1.4 | 0.56TT1 = 0.74

Table 3.11: Irradiation of Deacidite FF Hydroxide in the dry form in the

Variation of Basic Products in the Leach.

absence of oxygen.

: . » S : o
Dose (CH3)3N (CH3)2NH CH3 NH, NH3 Num of X:i:tlle §2§r§a2;
Mr. | meq/g. | meq/e- | meafe |mea/e: 8
products | meq/g. meq/g
neq/g: 4
Removal } 15 | 0.352 | 0.014 0.001 | nil {0,367 0.315 0.33
of :
oxygen 101 | 0.463 | 0.041 0.005 {0.007}0.516 0.474 0.45
passing :
nitrogen 168 0098 0.11 00017 nil 1.11 00983 0999
for one | . '
hour - - f
Remcval ' ' !
of axygeny,q % P
ander 189%{ 0.293 | 0.083 0.017 }0.022}0.415 0.43 0.443 .
vacuumf?! i )

*
The values for the basic products are very low, because they have not
been retained by the resin.
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and an incrcase in weak base capacity ond reclease of basic products in
the lcach greto be expected as a result of the decomposition.

The plot of weak base capacity against dose (Fig.3.8.) shows
that the weak base capacity incrcases with dose up to about SOO Mr.
and then starts decreasing. Since the strong base capacity has
fallen to a very low value at 500 Mr.,no further increase in the
weak base capacity could be expected after 500 Mr., as the weak base
groups could be produced only from the strorg base groups. The fact
that the weak base capacity starts falling above 500 Mr. shows that
the weak base groups arc sisceptible to radiation -induced decomposi-
tion. Weak base capacity can be due to the presence of R—CHZ—N(CHB)Z,
R—CHz—VH(CH3) and R-CH,-NH, groups but these groups have not been
distinguished and measured individually. It may be noted that
an attempted analysis of the functional groups by De Jong's method
using methylation of the HNS and H N-groups (Leuckart reaction)
failed completely when applied to irradiated ion exchange resins
(8).

As the absorbed radiation dose increases, the concentration
of trimethylamine in the leach increcases up to 300 Mr. and then
decreases; the shape of the curve being similar to that for weak
base capacity. This is to be expected since trimethylamine can be
produced only from the strong base groups. The decrease in the

concentration of trimethylamine above 300 Mr. shows that it is

decomposed by radiation.
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As irradiation might he expected to break polymer bonds,
the possibility of some of the measured tertiary amine being

present as benzyl dimethylamine CH.~CH,- N(CH )2 or similar

675
amines, which could be nearly as sensitive as trimethylamine to the
picrate method of estimation was considered. In order to check this,

5 ml. of 50% golution of K were added to 5 ml, of leach solution

3
from the resin irradiated up to 400 Mr. and shaken with 10 ml. of
spectrosol hexane fraction. The absorption spectrum of the hexane
extract did not reveal, however, any of the characteristic peaks
for benzyl dimethylamine (Fig. 3.10). The initial G-value for
trimethylamine formation is 14, which corresponds to that obtained
by Hall and Streat (29,30).

The plot of dimethylamine with dose (Fig.3.1l) is very similar
to that for trimethylamine, This is of interest because it shows

that dimethylamine is also formed from the quaternary ammonium

groups directly and not by the decomposition of trimethylamine,
k k
Consider a set of first order consecutive reactions A gp”l;} B

N

If the rates of reactions kl and k2 are comparable, the plots of

the concentration of A, B and C with time would be as shown in

Fig.3.15
FIG., 3.15
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It is obvious that dimethylamine like trimethylamine is a
primary product of radiation-induced decomposition of the
quaternary ammonium groups.

The variations of methylamine and ammonia with dose are
plotted in Figs.3.12 and 3.13. It is evident that both
methylamine and ammonia are secondary products. They could be
formed from weak base groups or from tri-or dimethylamine.

It is interesting to note that at about 1000 Mr. ammonia
is the principal basic product (70%), with only 20% of the basic
products . remaining as methylamine.

The values for the volatile base estimations correspond
approximately to the sum of the four basic products estimated
individually. Te¢sts for hydroxylamine or nitrite proved negative.
It is clear that all the volatile nitrogen has been accounted for
by the three methylamines and ammonia. The Kjeldahl nitrogen values
are found to be somewhat higher than the volatile base values
thereby indicating that there may be some non-veolatile nitrogeneous
matter present in the leach. The volatile base increases suddenly
from T00 to 980 Mr. and corresponds to a sudden rise in the
concentration of ammonia. The decomposition of the weak base
groups as well as the non~volatile nitrogeneous matter may have
contributed. at least partly, to the rapid increase in the
concentration of ammonia and consequently to that of volatile base.

The sum of the increase in weak base capacity and the volatile
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base is always greater than the loss in strong base capacity.
This can be explained by a loss in the weight of the resin.

The complete loss of functional groups itself can account for a
decrease in weight up to 15%. A loss in weight of about 20% at
180 Mr. was measured in one case (Table 3.8.).

The fate of the methyl groups is not known. An estimation
of formaldehyde revealed the presence of very small quantities (not
more than 0.05 meq./g.) in the leach. it is possible that the
methyl groups are lost as a gaseous product like methane.

The change of swelling capacity of the resin with absorbed
dose is plotted in Fig.3.1l4. The effect of radiation on the swelling
weight seems to be uncertair up to about 100 Mr., after which the
swelling weight goes on decreasing up to about 700 Mr. The very
low water regain observed at TOO Mr. shows that the resin is very
highly cross-linked. The exact relationship between the degree of
cross~kinking of the resin and its swelling capacity is unknown.

On comparison with the experimentally determined relationship
between the percentage cross-linking of Dowex-50 and its water
uptake (8) it appears that the resin is cross-linked equivalent

to 16% DVB even at 300 Mr. After'700 Mr. the resin seems to decross—
link as shown by the increase in swelling capacity at 980 Mr. A%
this dose there is evidence for damaée to the polymer network as

shown by the coloured Yeach and the peculiar behaviour of the resin
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in offering greater resistance to liquid flow in basic medium than
in acid medium. These phenomena appear more prominently in the
irradiation of Desacidite FF nitrate in 7M nitric acid and arc
discussed later. (see chepter 4) The hydroxide resin also becomes

progrossivoly darker as the absorbed radiation dose increases.

Effect of Oxygen

In the foregoing experiments the only oxygen available to the
system of resin slurry was that present initially in solution and
this would be consumed by a dose of about O0.1lMr. The system was
then essentially oxygen-frec. Streat (29) suggested that the
oxygen present initially could induce the production of trimethy-
lamine with a G of about 14 by a chain mechanism. He attributed the
fall of the yield of trimethylamine at higher doses to the absence
of oxygen. In the present investigation this hypothesis has been
tested and proved to be incorrect by performing experiments in which
oxygen was contbinuously bubbled through the resin slurry and also
experiments in which oxygen was excluded from the start.

When oxygen is bubbled through the resin slurry in water during
irradiation, the hydroxide capacity falls more rapidly and the carbo-
nate capacity rises (Fig.3.5. and Table 3.4.). It was thought
that the incrcase in carbonate capacity might be due to the presence
of some carbon dioxide in the oxygen used. An experiment in which

oxygen was passed through a resin slurry in water not under irradia-



tion resulted in an appreciable increase of carbonate capacity- (Table
3.4.). This is surprising since the oxygen used was stated to
contain only five volumes of carbon dioxide per million and such
small quantity of carbon dioxide should not cause an increase

of carbonate capacity by more than a few microequivalents. Another
effect of passing molecular oxygen through the resin slurry not
under irradiation is to cause a slight degradation of the strong
base group and an increase in the weak base capacity.

The strong base capacity includes not only hydroxide and
carbonate capacities but also nitritc capacity. Aliphatic amines
irradiated in oxygen-containing alkaline aqueous solutions give small
yields of oximes (56). It is possible that in the present investi-
gation the continuous passage of molecular oxygen would have
resulted in further oxidatipn to nitrite which would replace the
hydrcxide ion from the resin. No nitrite or hydroxylamine could be
detected in the leach. It may be noted that nitrite ions could
have been formed either from the amines in solution or from the
weak base groups on the resin or from both sources. It was also
thought that the formation of nitrite might be due to radiation-
induced fixation of traces of nitrogen present in the oxygen gas.
To check this, oﬁygen was passed continuously through distilled
water under irradiation. No nitrite was detected in the irradiated

water. So, it appears that the formation of nitrite is due to the
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radiolytic oxidation of amines.

The sum of the hydroxide, carbonate and nitrite capacities
corresponds approximately to the strong base capacity determined
rg chloride, although in some cases the results indicate the former
to be somewhat lower. In only one case (155 Mr.) a small amount of
nitrate capacity was detected. The rate of fall of strong base
cepacity with dose is slightly greater when oxygen 1s bubbled
through. This is accompanied by a larger incrcase of weak base capacity
with dose. The amounts of tri-, and dimethylamine formed are found
to be somewhat diminished by the passage of oxygen. Being
secondary products the amounts of methylamine and ammonia are
small and seem not to be affectcd by the presence of molecular
oxygen. In pletting the values of basic products against dose
the results from those experiments in which ftwo water traps were
employed have been ncglected as some of the basic products escaped.
The results from those experiments in which the resin has crept
and so the dosimetry is uncertain have also not been plotted.

Only very small amounts of formaldehyde were found and no
hydrogen peroxide was detected. Passing oxygen during irradiation
tends to decrosslink the resin. More significant results about

welling capacity could be obtained only at higher doses.

It is concluded that the presence of oxygen hes little effect
on the nature or extent of radiation-induced decomposition of resin.

It would therefore appear that the presence of small amounts of
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dissolved oxygen at the start of irradiztion should not be responsible
for a low-yield chein reaction in which oxygen is consumed. In
order to substantiate this argument, experiments were carried

out &in which the dissolved oxygen wzs removed from the resin slurry
either by degassing or by passing oxygen—free nitrogen. It is found
that the removal of oxygen does not have any noticcable effect
elther inthe variation of exchange and swelling capacities or in

the formation of the three methylamines and smmonia with absorbed
radiation dose (Tables 3.6 and 3.7 and Figs. 3.5 to 3.14). The
presence Or absence of oxygen also does not seem to affect the
darkening of the resin with dose.

Effect of water

The object of this experiment is to study whether the
radiolytic decomposition of resin is due to the direet action of
the ionising radiations on the resin or through the free radicals
produced in water by radiation. Dry resin containing ¢ 4% residugl
water (section 3.2.2.(d)) was irradiated in the presence of
circulating oxygen gas and in the complete absence of oxygen.
The results are given in Table 3.8. to 3.11. and in Fig.3.5. to 3.14.
It is found that the removal of water has 1little or no c¢ffeet on
the loss in strong base capacity, the gain in weak base tapacity
and the productioa of total volatile base. It is, therefore,

concluded that the radiation-induced decomposition of Dcacidite FP



is due to direct action in which water has 1little or no effect,
However, the relative concentrations of the three amines and
ammonia appear to be affected by the absence of water. Trimethyla-
mine is the only basic product produced. It may be concluded that
the production of trimethylamine is by direct effect while water
pleys a role in the formation of secondary and primary amines

and ammonia.

No nitrite was detected in the case of the dry resin even when
oxygen wos passed through continuously. It anpears that the
oxidation of amines to nitrite takes place under irradiation only
when water is proesent. The swelling capacity as well as the
colour of the irradiated resin also do not seem to be affected
by the absence of water. It was also found that in the experiment
when oxygen was passed through continuously nearly all the basic
products were retained by the dry resin and very little were
found in the trap sclutions. This demonstratcs the high adsorptive
capacity of the dry resin for the amines. It, therefore, appears
impossible to study the effect of removing thc basic products
during radiation-induced decomposition of dry resin.

3.3.,2. Irradiation of Deacidite FF Chloride.

Several papers (1,3,9,23) describe the irradiation of strong
base resin chlorides and report measurements of changes in exchange
and swelling capacities. The results are conflicting. For

instance, Fisher (3) finds a loss in strong base capacity of 47%
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at 210 Mr.. for Amberlite IRA 400 chloride while Smith and Groh (23)
obtain a value of 85% for tﬁg loss in strong base capacity of
Dowex 1 Chloride at 270 Mr. Fishor finds a loss of porosity with
absorbed radiation dose, while Smith and Groh observe an incrcase
in water content for the chloride form.

In the present investigation a detailed analysis of the basic
products released during irradiation of the chloride form of
Deacidite FF resin has been carried out for the first time and measure-
ments have been made of exchange and swelling capacities. Irradiation
of chloride resin in Tl HC1l also has been carried out for the first
time.

When Deacidite FF chloride is irradiated in water, strong
base capacity decreases, wezak base capacity increcases and basic
products are released in the leach. It resembles the hydroxide form
in this respect. The resin used hrs ~n initial strong base capacity
of 5 meq/gs; this is about 25% larger then thet of the hydroxide
resin. The reason for this difference may be due to the chloride
form being prepared from a diffcrent botch of resin. The loss in
strong base capacity is exponential up to a dose of at least 600 Mr..
(Fig.3.17)s & eimilar dependence was fougd for the hydroxide form
of the resin (Fig.3.7). Thc rate of loss of strong basc capacity
with dose is, however, about three times less in the case of the

chloride resin than for thce hydroxide resin. Shigematsu and Oshio (9)



Irradiation of Deacidite FF Chloride in water and in TM HCI :

TLBLE 3.12

Variation of Exchenge and Swelling Capacities

with Dose .

Too

Strong | Wesk | Chloride! Tinal ' Swelling weighd
Dose: base | base | g i X 3 ,
Mp.! capacity capgcity i %gagﬁ? g weight g-of H?O g :
i . nmeq/g. | megfe. ' megfg. | & | of resinm. ;
é T 3 1
: | Nil ; 5.0 0.39 | - - i 0.96
| 4 H ; ;
: 192§ 3.68 0.80 | 2,01 ! . ? .
Irradistioy 9 i 3 ; 0 { 1.395 ’ 0.96
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TF chloride Z | § i ;
in water. 487 ¢ 2.61 0.97 i 3.33 | 0.9196 | 0.79
: 5
657 2.12 148 | 477 | 0.9578 | 0.27 |
940 : 0.82 1.88 | 4.45 ¢ 0.9751 |  0.70 §
L | ! E
Irradietion 5 5 [ g
TTECIatIon l 572 1 1.99 0.9 | - 0.7703 |  0.67 i
of Deaciditei i ¢ : :
FF chloride | 940 | 1.1 0.79 ! - 0.8400 1 0.60 }
in M H6Ll. | g 3
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TABLE 3.1

-

Irradiation of Deacidite FF Chloride in water and in TM HC1 =

Variation of Basic Products in the Leach with Dose.

Tre

e

? ' T CHA ). (CE)EXH, ML, NH, Sunof |Volatile Kjeldshl
; Dl?;ef 3’5" L ndq/l Npro- | base . Nitrogen |
t i : ‘meq@t meq.4.  meq./d g, ducta. §me'q./g. meq/g-
% ! i ’
} ¢ ! '
E 192 §1.95 ; 0.114 | 0.02}0.0312.010 . 1.85 1.6%
s i
Irrediationi 307 |2.4 | 0.32 | 0.04]0.09 2.85 | 2.78 2.84
of Deacidite! : i
FF chloride . 487 [3.01 | 0.51 | 0.04{0.1243.68 | 3.29 3.42
in water. ! . .
| 657 [3.80 ' 0.58 0.02 (0.16§ 4.57 4.47 4.50
L 940 14.02 ? 0.60 | 0.20 p.lll 4.93 | 4442 4.59
:, ' i
Irradiationi i g
| of Deacidite | 572 ;3.46 | 0.039 | 0.03 pil |3.53 | 3.13 3,38
| FF chloride | g § -
in TM HCl. 940 .3.55 | 0.042 | 0.0050.02|3.62 ; 3.22 3,49
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as well as Hall and Streat (30) have also noted the greater
radiation-resistance of the chloride resins. The increase in
weak base capacity with dose is also smaller in the case of tﬁe
chloride resin (Figs.3.8. and 3.16.).

The amount of chloridc rclcased in the leach duec to the loss
of strong base groups has becn measured (Table 3.12 and Fig.3.18).
It is found that the amount of chloride released is larger than
the losg in strong base capacity. This effect can be explained
in terms of a loss in weight of resin during irradiation. As it is
difficult tuv taoke accurately known weights of resin as slurry at the
start of an experiment,; all capacities and quantities of leach
products are referred to the final weight of the dried resin as sul-
phate. Tae loss in weight of the resin can be estimated from the
mass balance of nitrogen. All the nitrogen present initially is in
the form of the strong and weak basce groups of the unirradiocted
resin., The amount of final nitrogen is represented by the sirong
and weak hase groups of the irradiated resin and by the nitrogeneous
\products. The concordance between the sum of the four basic
products measurcd individually, the amount of volatile base found
and the result of the K jpldahl nitrogen estimations indicates that
all the basic producis have been accounted for (Table 3.13.). It
will therofore be assumed for the purpose of the calculation of loss

in weight of resin that there is no other nitrogeneous product oxeept
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the amines and ammonia found in the leach. To take a epecific examples

Unirrediated resine.

Strong base capacity 5.0 meq./ge.

Weak base capacity 0.39 meq./g.

Initial total N 5.39 meq./g.

Irradiated Resin — 940 Mr.

Residual strong base capacity = 0.82 meq./g.
Residual weak base capacity = 1.88 meq./g.
Total N products in leach = 4.59 meg./g.
.'. Total N at 940 Mr. = 7.29 meq./g.
If x = weight fraction of resin lost,
5.39 7.29 (1 - x)

and x = 0.26

i

Similar calculations have been made ot doses from 192 - 940 Mr.
and are given in Table 3.14.

Since the amount of chloride ion released in thc leaéh is found
to be about 20% less thon the sum of the incrcase in weak base
capacity and the amount of basic products in the leach at the
highest dose of irradiation, it is possible that some chloride
ion is attached to the weak bare groups of tho resin.

If the stabilitis «f the hydroxide =nd chloride forms
of the resin are compéred, it is found:

on strong base capacity: the chloride form more stable.

on qugntities of basic products: the chloride form less stabls.



TABLE 3.14.
Irradiation of Deacidite FF Chloride in water : Calculation

of loss in weight of resin.

Initial nitrogen = 5.39 meq./g.

Dose | Pinal i Difference between 5Percentage. ;
Mr. Nitrogen { initial and final loss in weight |
meq /g nitrogen. of resin.

! ! meq./g.
192 6.11 0.72 12
307 | 6.98 1.59 23
487 7.00 ‘ 1.61 23
657 8.1 g 2,71 { 35
940 7.29 1.9 3 26
]
i i
i i
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This apparent anomaly‘can be explained if it is postulated that
the chloride form loses more weight during irradiation than the
hydroxide. In fact an examination of the products obtained in
the hydroxide irradiations (section 3.3.1.) would indicate that
there is less loss in weight in that case. It is not clear why the
chloride form should lose more weight. It ig of interest to compare
the proportions of each of the three methylamines and ammonia in
the leach of the irradiated chloride resin (Table 3.13 and Fig.3.18) te
those found in the case of the hydroxide resin. The amount of dimethy-
lamine formed is only about 15% of the trimethylamine in the case
of the chloride resin, while it is more than 50% of the trimethylamine
in the case of the hydroxide resin. Praciically no methylamine or
ammonia is produced in the leach of the irradiated chloride resin
even at about 1000 Mr. Production of trimethylamine from the strong
base groups is therefore the major reaction in the case of the
irradiation of chloride resin.,

The swelling capacity of the irradiated chloride resin appears
to fall with dose (Table 3.12). The reason for the sudden fail
at 650 Mr. is not clear. .

The results obtained in the irradiation of Deacidite FF
chloride in TM HC1l at two doses do not reveal any effect from the
high acid concentration on the exchange and swelling capacities or

total volatile base produced. The latter is accounted for almost
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entirely by trimethylamine; negligible amounts of ammonia and
methylamine and only very small amounts of dimethylamine were detected.
These results are of interest when compared to the extensive damage

to resin when irradiated as the nitrate form in TM nitric acid (see

Chapter 4).
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3.4, Discussion:

The only important process by which Co-60 gemma rays (1.17 end
1.33 Mev) lose energy in materiels of low atomic weight is Compton
scattering. The electronic cross-section is dependent only on the number
of electrons per millilitre. It is assumed in the present work thet
electron-density is not significantly different in polystyrene and water
anc so the dose obtained is computed from the Fricke dosimeter without
any corrections. A highly energetic electron is created by the Compton
scattering. When fast electrons move through matter, energy is dissipated
by transfer to the electrons along the track and the atoms become excited
and ionised. The electrons due to the ionisations can carry off a con-
siderable energy. When the energy of such e secondary electron exceeds
some tenths of an eV, those electrons are often called delta reys. The
steps which are intermediate between the initial physicel action of
radietion end the final chemical change are not well understood. The two
fundamental actions of radiation are to ionise and to excite and both
processes can give free fadicals. Many of the reactions of free radicals
are quite well understood.(57, 58, 59).

‘There are two distinct mechanisms by which a chemical change can
be brought about by ionising radiations : (a) by direct action, the
molecule undergoing chonge itself becomes ionised or excited by the
passege through it of an electron and (b) by indirect action, in which
the molecule stéﬁed dces nod absorb the energy bat receives this by
transfer from another molecule. In dilute aqueous sysgems, water
molecules give rise to H. end .OH radicals which are responsible for

the chemical changes produced in the molecule studied, i.e. by indirect



action. When o material is irradiated dry, the action of radiations is
by definition direct. If thc mebterial is dry but impure, the question
erises whether energy ebsorbed in the impurity can affect the molecules
of the component which is studied. In some cases the final products-
obtained by direct and indirect action may be similar. This, for example,
ocours with alcohols where the ¢X ~carbon atom is activated by direct
action, and by indirect action suffers abstraction of a hydrogen atom by
en OH radical; the G value in the two cascs being approximately the same.
For example: CHy.CH,OH Direct CHB.('?H.OH + H.

Indircet CH..Q
CH., .CH,+ H_..._._____) +CH.OH + H,0
572 by OH 3 2

For benzene the position is reversed; the mejor product from indirect
action in agueous solution is the addition of a hydroxyl radical to give

phenol
OH

HO.
AN b\
o5 0
while irradiation of the pure liquid (direct action) gives a large number
of different substances, including hydrogen, acetylene and a polymer.

Reaction Mechenisms

In the case of the irradiation of Deacidite FF hydroxide production

of trimethylamine and weak base groups seems to occur by direct action.

+
CH, —pRCHpe + W(CHz)y — (&)
+) ,
R ~CH, — N —cg_ Divect
action +
CHy l—p R.CH,.N(CHz), + CHy ___ (v)

Reaction (a) seems to occur to a larger extent then reaction (b).
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Imines are known to undergo scission at the carbon-nitrogen bond under
irradiation; whether the amine is irradiated in the pure state or in

aqueous solution (60-~69). Out of the four C-N bonds present in
+ _CH

R—CHz—N‘- EHB the R—CHZ—N bond seems to be the most susceptible. It
N

CE
3 .
is reasonable to expect this to happen as the group left after the

scission of the CH,-N bond is stebilised by resonsnce.

J 6:?’\“1» * l =
CH— 3 ——CH &> CH ~—— e CH
} (> {

+

Reaction (a) represents e simple Hofmann type of degredation and reastion

(b) is its enalogue. The decomposition of the quaternsry ammonium group
to give trimethylamine by direct action can also be represented as a low-
yield chain reaction by a mechanism similer to the one suggested by Lemmon
et.al.(64), but it is felt that the yield obtained is not large enough
over long doses to éuggest such a mechanism. A4lso the chain mechanisms

in which oxygen is being consumed (29) may also be neglected, as the
presence of oxygen is shown to have no effect on the reaction. However,

a reaction mechanism suggested by Streat (29) involving the formetion of

2 cyclic intermediate may be an alternative : CH;
+
CH JR— CH — N— CH, — (o)
~7 ~. d 3
+ ’ (-2H) - CHy
— _— N -
R CHy— N —CH, ci,
H -




oH
R— CH !\I * o
—CE — +
~ C’)H 21{20 R=CHO + 1\7((:}13)3 + B ___ (cp)
2 i
CH
3
L.
R—CH, =1 —CH,
- +H,0 —— R—CH,_—N(CH, )+ HCHO + H'
H, 2 2 3/2 (@)
‘ —_ Y

3

It may bc noted that for reactions (c,) and (dz) to take place water need
not be present et the time of irradiation. It is possible- that reactions
(cl) and (dl) are teking place under irradiation and water added after
the irradiation mey be bringing sbout the reactions (02) and (dz) in the
case of irradietion of dry resin.

The weak base groups present may be BF-CHQ—-Y(CHB)Z as well as
R~ CHZ--NH(CHB) and R— CH,—NH,. The production of R CHy— NH(CHB) and

R—CH ----NH2 groups may be due to the following reactions :

2
CH
3 Ol
+| | | (
R—CH2~ N ~CH, —> B— CH,—N = CH+ CH, — (&)
+
H
3
CH
K N
B—CH, =¥ =¢H, + H,0 R— Cd,- NH(CH, )+HCHO+ H (e,)
CEN 2 7 T2 2 3 — \F2
i
R—CHy —~N —CHy —3R= CHy—N =CE, + CH, (&)
CH CH
c » ’ CH (25 R CH I‘\TéCH — (&)
R—CHy =N = CHj — CHp— 2

CH
2
|

- N \ -+
B~ CHy =N — CFp + H,0 — ReCHy—MH(CH,) + HOHO __ (g,)
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Dimethylamine is produced from the gquaternary smmonium groups by
indirect action. & reaction mechanism involving the formation of an
intermediate imine, which is unstable end hydrolyses to form an aldehyde

and en aliphatic amine (29), can be suggested :

cH on
3 3
| /

o+
— —CH = h
R Oy— N—OH, —3 R~ CH =¥ + + o, — (1))
! CH
"5 3
CH
+ 7 3
R~ CH =N . * Hy0 —> R—~CHO + (CHz),NE + g* _ (hp)
5

For reaction (h2) to take place water need not be present at the time of
irradiation. Since the preserfe of water is found, however, to be
necessary for the production of dimethylemine, reaction (hl) is not
taking place by direct action but by indirect action probably involving

the attack of OH radicals. Oxygen docs not seem to take a part in reaction
(hy).

Methylamine and ammonia are procduced by indirect action and are
not formed directly from quaternary ammonium groups. Methylamine can be
formed from trimethylemine or dimethylemine or from the weak base groups

through the following reactions (29,30) :

CE,
i
B —CHy —> ¥ = K, + CE, — (13)
N = CH .

) — -+ LCHO (i)
(!HB +,0 —3 CH_. 1 5

(2 H) — ‘

1\‘(.. cr 28y ¥ = g, N G),

du, -!’3

CH3.NH by reaction (iz)



H H
! (-2H) o (k)
N —CH 45 N Y — '
| 5 '\
ce, CH,
8 ‘
? j;/CHZ + By0 ——3 HCHO + OF,.NH, — (k)
CE

The formetion of methylamine from week base groups can be represented by
a reries of reactions analogous to reactions (il) to (ky) by substituting
R—-CHZ—- for a CH;— group. The formation of emmonia from dimethylamine
or methylamine or from weak base groups can also be represented by
similar reactions. It is feasible that methylamine and ammonie can be
formed by direct action through reactions (ii), (3) ana (kl)° Since the
starting materials for those rcactions arc present in much smaller
gquantities then the resin itself, the direct effect may not be noticed.
It may be seen that some of the recction mechenisms suggested
involve the formation of formaldehyde which has been detected only in
traces in the leach solutions of irradiated regins. Formaldehyde is
known to react with primery and secondary amino groups in the presence
of alkali and formic acid to give substituted secondary end tertiary
amines (70). It may also be noted that the group left with the resin
after the removal of the amino group may be an aldehyde or an aicohol.
Analysis of the groups on the irradiated resin is difficult. 4 model

+ -
compound C6H5.CH2.N(CH3 OH in water hes been irradiated and preliminary

)3
results indicate that benzaldehyde and no benzyl elcohol have been
detected in the irradiated solution (29,30).

It was noted that practically no methylamine and ammonia were

formed when Deacidite FF chloride was irradiated in water. The role of
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chloride ions in preventing further docomposition of trimethylamine is
not clear.’ The practically complete absence of even dimethylamine when
Deacidite FF chloride is irradiated in 7M HC1 is notsworthy. The cause
for the effect of acidity on the formation of dimethylemine 1s not under-
stood.
Colouring

It was observed that the resin became darker in colour on irrad-
iation. Numerous orgaenic and inorganic compounds become coloured by
developing opticel absorption bands in the visible and ultraviolet regions
of the spectrum when exposed to ionising radiation. The production of
F-bands in the alkali hzlide crystals is an example. The colouring of
organic compounds hes been less well studied, although there appears to
be some order in the colouring of a homologous series. For cxample, a
number of alcohols have been observed to develop a broad peak at about
5201n/¢ (71). The polyhydric alcohols, ethers and peraffins also have
some group characteristics in their colouring. The deepening of the
colour of the polystyrcne resins on irradiation may be due to the produc~
tion of conjugated doublc bonds, bccause it is well known that conjugation
of two or morc chromophores such.as C=:J produces a marked shift to longer
wave length, an effect demonstrated clearly in the series of diphenyl-
polyencse.

Polystyrcne Fremework

The swelling weight of the irradiatcd resin was found to decrecase
with dose, the effcct being particularly noticeable with the hydroxide
form. Breaking of crosslinkages in the polymer network results in an

increase in the moisture content, while the loss of functional groups
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usually leads to a decrease in the quentity of water associated with the
resine. The moisturc content is thus a measure of the net effect of these
opposing factors. The complexity of the function is illustrated by the
irregular variation of the moisture content with dose end is influenced
by the effect of the ion sttached to the functional group.

' Three general types of reactions have been obscrved end defined
with respect to the effects of radiations on polymgrs. They arc as follows:
(1) cross-linking — the joining of molecules to form z three-dimensional
network (2) degradation or chein cleavage, which divides the molecule
into smeller fragments and (3) unecaturation — rearrangement within the
molecule to form double bonds. Of the several factors which influence
the type of reaction that occurs, molecular composition or structure is
an important one. Jlthough all three recactions may occur simultaneously,
certain polymers are predominantly cdegraded and othcrs cross-linkcd.
Polystyrene, for example, belongs to the latter category with a G- value
for crosslinking of about 0.04 (72). The yicld is many times less than
with other polymers in accordence with the steability afforded by the
benzene ring. In fact, polystyrene is even more stable to radiation than
benzene itself. The linking involves the benzene ring a§ well as the main
chain as shown by experiments with deuteratéd material (72) and by
spectroscopic measurements (73). A smell amount of main-chain fracture
occurs, but various methods of measuring it give different results for
the precise yield (74, 75). Oxygen caussgjggnking of polystyrenc to be
replaced by degracdation (72, 76). Polystyrcne exhibited greater
degradation i.f dissolved in benzene containing t-butylcatechol (77) end

this is presumably due to the catalysed decomposition of pproxide links,
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a8 with polymethylm?tﬁégrylate. Oxygen diffusing into polystyrenc after
irradiation causes cérbonyl end hydroxyl groups to be Hrmed, possibly by
reaction with free radicals or double bonds (73). Polystyrene sulphonic
acld seems to be degraded equally in the presence as in the absence of
oxygen (78). It is obvious that prediction of the swelling behaviour of
irradiated polystyrene ion exchange resine requircs more detailed studies.

Conclusions

In conclusion it may be said that the important effects of
radiation for the purpose of the successful application of the hydroxide
and chloride forms of Deaciditc FF for the purification of reactor coolant
water and for the purification of radioactive materials are loss in
exchange copeacity and relecse of basic products. The effect of radiation
on the palystyrene framework is to increase the crosslinking and hence
for the spplicaticn of resins in the presence of large radiation doses it
may be advantageous to start with a resin of the maximum possible porosity.

The study of the effects of oxygen and water is helpful in under-
standing the course of the radiation-induced decomposition of ion
exchange resins, and in eliminating some of the previously suggested
mcechanisms. A4 complete enalysis of the gaseous products and an identifi~-
cation of the groups remaining in the polymer framcwork after the loss of
the functional groups is necessary, however, hefore the reaction mechanisms

are fully understood.
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Chapter 4.

Irradiation of Deacidite FF' in the Nitrate Form

4.1l. Introduction

The only references in the literature to the irradiaticn of
the nitrate forms of anion exchange resins are contailned in papers
devoted to other resin systems. Thus Smith and Groh irradiated
the nitrate form of Dowex 1~ X4 in the moist form and observed
a fall from 4.8 to 4.15 meq./g.in total capacity and from 4.78 to
3.69 in salt-splitting capacity at 110 Mr.(23). Ryan and Wheelwright
evaluated the effect of gamma radiation upon resin plutonium
capacity for Dowex 1- X4, Amberlite IRA-401, Dowex 21-K and

Permutit SK (28). Samples were equilibrated with a TM nitric acid

- 4 —
solution containing minor amounts of Fe© ’ Na*, UO2 ’ SO4 g

PO4"_—, and dissolved tri-n-butyl phosphate, sealed in closed
containers and exposed to Co-60 gamma radiation up to 500 Mr.
Follcwing irradiation, plutonium absorption capacity to 50%
breakthrough was determined. In addition to the observed 50% loss

in plutonium capacity at 203 Mr., the phyéical aamage to Dowex 1

¥A wos extensive. The resin contraocted about 30% inrvolume on loading
and elution was difficult. Gamma irradiation up to 450 Mr. decresased
the capacity of Amberlite IRA~401 by 50% and produced visible

physical damage to the resine. Its volume decreased by about 12%)

there was a high concentration of fines, and the resin particles

tended to clump together. Dowex 21-K lost about 604 of ite

capacity in 300 Mr., but exhibited no serious physical damage up to



this dose. However, when irradiated to 400 Mr. the Dowex 21-K
beads became soft, packed down during loading, and reduced the feed
flow rate to a value so low that the run was terminated after a
few hours. Permutit SK was the resin most resistant
to radiation damage, losing only 10% of its capacity at 340 Mr.
At 500 Mr. individual beeds were not cracked but became soft and
packed down during down flow column operation, causing a
prohibitive pressure drop through the bed.

It is apparent that a2 systematic and detailed study of
the effects of rodiation upon strong base nitrate resins in water
and in TM nitric acid is needed. In this section the résults of
such a study on Deacidite FF nitrate in water and in TM HNCB are
presented.

4.2. Txperimental

4.2.1, Preparation of the nitrate form of Deacidite FF

The resin used for the resin nitrate in water irradiations was
supplied in the chloride form, was T-9% érosslinked, had a weter
regain of 0.6 - 1.0 and was of 100--200 mesh size. This resin together
with a 2-3% crosslinkcd Deacidite FF resin, having a water regain
of 1.5 - 2.0, werc irradiated in T™ nitric acid.

The resins, purified as described earlier, were washed with
water and were converted to the nitrate form by the passage of 4%
solution of nitric acid until no chloride ions were detected in the

effluent. The resins werc then washed frec of acid with water.
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About 20 column volumes of the acid were required for complete con-—
version to nitrate. The rosins prepared by this procedurc contained
the quaternary groups as nitrate and the weak base groups, which
formed about 5% of the total capacity of the resin, as froe base.

4.2.2» Irragiation of resin samples

Deacidite FF nitratc was irradiated under the
following five seibs of conditions: (.) resin slurry in water omd. M BN O,
(2) possing oxygen through the resin slurry in water (3) the resin
slurry in woter in the absence of oxygen (4) dry resin with
oxygen passing continuouvsly (5) dry resin in absence of oxygen.

The experimental arrengements were identical to those described
previously for the hydroxide system. The preparation of dry
nitrate resin did not prcsént any of the problems encountered in
the preparation of the dry hydroxide resin. The resin weas heated
at 105% overnight to get the dry form.

Some irradiztions of Deacidite FF (7-9% x link) nitrate were
performed in presence of (i) aqueous sulphamic acid, (ii) sulphamic
acid and TM nitric acid and (iii) uranium and TM nitric acid. In
the irradictions involving the presence of sulphamic acid, about
one gram of solid sulphamic acid was weighed into thc tube
containing the resin and water or the resin and TM nitric acid.

In the case of irradistions in the presence of uranium, a 4%

solution of uranyl nitrate in TM nitric acid was passed through
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the resin previously conditioned with TM nitric acid. Some uranium
was absorbed on the resin in the form of an eanionic complex.
The resin wes subsequently washed with TM nitric acid and transferred
into the test—tube to which about Sml. of TM nitric acid were added.
The azmount of uranium absorbed was only 12 mg. of uranium per
gram of resin. Uranium was determined by the thiocyanate method
{Appendix 10).

A few irradiations of Deacidite FF (7-9% x-link) nitrate
in woter and in M nit»ic acid were carried out using the Horwell »
Svent fuel Element Pond Irradiation Pacility. The irradiations
differed from those by Co-60 gamma rays in the following manner:
(1) The former gave & verying dose-rate (0.6 to 2.0 Mr./hr) whilst
the latter gave a constant dose-rate (0.6 - 0.7TMr/hr). (ii) The
former was carried out with photons of varying cnergics with a
maximum of 3 Mev and a mean of 1 Mev. (iii) There was a small photo-
neutron flux in the pond but this did not exceed 1O4n/sec‘cr'n2 in the
strongest field.

A.2.3. Mcasurcment of Exchange Capacity

The irradiated resin and the solution in contact with it were
transferred to a sintered filter. The resin wos thoroughly washed
with distilled water. The filtrate and the washings were collected
and made up to a known volume. This solution contained the

products liberated in the leach during irradietion. Mcasurcments
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were made of the strong base and the weak base capacities of the
irradiated resin after thorough washing with water. The general
procedures adoptced for the capacity measurements are the same
as those employed for the hydroxide and chloride forms of resins
vizs to replace the strong besc ions by sulphate ond to hydrolyse the weal
base Zroup salts. Nitrate ions toock the place of chloride ions
and the determination of nitrate ions is described below., The con-
version of weak base groups into salts was carded out before the
strong base groups were converted to sulphate. This procedure was
satisfactory for the unirradizted resin and with the resin
irradiated in acid medies. When the procedure was applied to the
resin irradiated in watcr, however, brisk evolution of gas bubbles
took place during the passage of 4% nitric acid and this suggested
the presence of nitrite ions attached to the resin. The modified
procedure for the simultancous determination of thc nitrite
and the nitrate parts of the strong basec capacity and the weak
base capacity of the resin irradiated in water is now described:
The irrrdiated resin was washed well with water. A 4%
solution of scdium sulphate wos then passed through, when the
nitrite and ths nitrate ions attached to the strong basc groups
were eluted out. The nitrite concentration was determined
colourinetricnll37) (Appendix 2 ). The nitrate concentration
was determined by one of the following two methods depending on

whether it was present in small or lrge quantities.



In small quanitities (less than 0.01M), nitrite was first
destrdyed by conversion to nitrogen gas by boiling with ammonium
chloride (79), (NH4NOé~% N2*%H20) and the nitrate was measured
by a colourimetric method based on reduction of nitrate to nitrite
and measurcement of the optical density at 520 Ly s of the colour
produced by the diazotisation of sulphanilic acid with the
nitrous acid and subsequent coupling with 1 - naphthylamine (80).,
The entirec operation was carried out in a single step
by the use of a powder mixture of all the reagents. The method was

4

sensitive to 10 'M solutions of nitrate and the reproducibility was
of the order of 10%. A calibration graph was preparcd using a stan-
darg solution of nitric acid. Details of the method and the
calibration graph arc given in Appendix 11 .

When the nitrate was present in larger amounts, the nitrive
wes converted stoichiometrically to nitrate by boiling with N/lo
+ NaNOT&NO 4H,0 and tho

4 3
total nitrate was then determined by a redox method due to Kolthoff

sulphuric acid, 3NaNOé+'HZSO4'9 Nago

(81). This consistod of oxidising & known excess of ferrous ions

. . ++ - « e
by nitrate ions, (3Fe = =+ N03+'4H -3 3Fe 4 NO + 2H20) and dotermining “hc

ferrous ions by titration against potassium dichromzte (Appendix 12).

The redox method was not gpplicable in thc presence of organic sub-

stances. PFor example, the ammonium hydroxide leach obtained during
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the estimation of weak base capacity contained methanol which
had to be removed by boiling before the estimation of nitrate
in the leach by thc redox method.

The weak base capacity of the resin irradiated in weter was
subsequently determined by the usual method of converting thc weak-
base groups to salts by the passage of 4% nitric acid, removing
the excess acid by passing methanol and thcn hydrolysing the

weak-base salt by passing C.15M ammonia solution.

A.2.4.Mcasurement of Products in the leach

The filtrete and the washings of the irradiated resin contained
the water-soluble products. The procedures adopted for determining
the quentitics of the three alkylemines and ammonia were the same
as have been described in section 3.2:4.and Appendices 4 to T.

Since the estimations of methylamir and emmonia, however, require

a nceutral or a slightly acidic solution of aminec, it was found nece-
ssary first to distil off the basic products from an alkaline leach
solution in the case of the resin irradiated in TM nitric acid.
Direct ncutralisation of the leach solution was not possible, as

the solution was alréady appreiably coloured. The procedurcs for the
determination of tri- and dimethylamine involve the extraction of
the base into an organic laycr from a highly alkeline solution

and go it was considered unnecessary to distil off these basic

products prior to cstimation, The usual total volatile base



measurements were made and a large aiscrepancy was noted between
the amount of volatile base and the sum of the individual values
of trimethylamine, dimethylamine, monomethylamine and ammonia,
when the resin was irradiated in TM nitric acid., It was later
found thet the analysis of trimethylamine was markedly affected by
the presence of dissolved matter in TM nitric acid znd that there
was no real discrepancy when the analysis was performed with
the basic distillate (Table 4.1).

Table 4.1

-

Irradiation of Deacidite FF (7-9% x -link) in M nitric acid:

Effcct of dissolved resin on the analysis of trimethylamine

Dosc (cH )3N in prescnce | (CH )3N in the
Mr. 3t dissolved basic distiilate |
matters meaq/g. | meqy/g-

414 0.6 0.705

526 1.02 1.34

711 0.465 " 3.78

1000 0.86 1.8

in 50 ml. in 50 ml.

During measurement of dimethylamine in the acid leach it was
difficult to separate the aqueous and organic layers because

of formation of an emulsion. Measurements of the three alkylamines



and ammonia were therefore carried out only on the basic distillate.

That dissolved matter interfered with the estimation of
trimethylamine in the a~id leach suggested that the trimethylamine
determinations in the aqueous leach of the resin irradiated in
water might not be reliable, although there was not noticeadle
discrepancy between the amount of volatile base and the sum of
the imdividual values for the amines and ammonia. To check this,
measurements of the amines and ammonia were made in the aqueous
leach as well as in the base distillate in the case of the 1550 Mr.
irradiation. It may be seen (Table 4.2) that these two sets of
measurements agree well.

Tablie 4.2

Irradiation of Deacidite FF (7-9% x-link) nitrate in water

up to 1552 Mr, : Estimations of amines, ammonia and nitrogen

Volatile base = 2.96 meq./g.
Kjeldahl nitrogen in the volatile distillate = 2.99 meq./ga

Analysis of amines and ammonia

In the volatile In the original

distillate leach solution
meq./g. meq. /g
(CH3)3N 1.09 ' 1.28
(CH3)2NH 0.-153 0.14

CH3NH2 0.12 0.073
NH3 1.7 165
Total 3.06 3.14
¥
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In addition to the measurements of the amines and ammonia
the nitrate and the nitrite ions liberated in the leach of the
resin irradiated in water were also determined. The procedure
adopted for the individual estimation of nitrite and nitrate
has already been described (section 4.2.3.)4 Because of the
presence of the nitrate and the nitrite ions no Kjeldahl estima~
tion of nitrogen was carried out on the leach,

The method for estimation of small amounts of formaldehyde
by the use of chromotropic acid was found to be unsuitable in the
presence of nitrite and nitrate because of interference by pro-
duction of a yellow colour with chromotropic acid. DNo other
method was developed for the detection of formaldehyde, if any,
in the leach of the irradiated nitrate resin.

'The sensitive method of detection of peroxides by reactions
with acidified potassium lodide in starch solution was also not appli-
cable in the presence of nitrite ions. A less sensitive method
(10'2M) depending on oxidation of titanium sulphate and
measurement of the optical density of the pertitanic acid (82)
produced was used. No peroxide was detected.

Estiﬁations for carbon in the leach solutions from resin
irradiated in TM nitric acid were carried out. This carbon arises
from appreciable dissolution of resine. The first procedure adopted

was as followss An aliquot of the solution was made basic with



ammonia and evaporated to dryness over & low Bunsen flame. The
precipitate was weighed and the carbon content was assayed by
combustion in the Microanalytical Laboratory of the Chemistry
Department. The resulting carbon values did not agree with the

loss in weight found after irradiating a weighed amount of air

dried fully swollen resin (of known water content). Subsequent
carbon rnalyscs worc therefore carried out by evaporating the alkalire
leach solutions overnight in a continuously evacuated dessicator over

anhydrous CaCl, to avoid thermally decomposing the residue.

2

4.2.5. Measurement of swelling €apacity

Two types of swelling capacity have been measured. The first
is the swelling weight in water. The definition of swelling weight
and the procedure adopted for its estimation have been given in
Section 3.2.5 and Appendix 9a. The second is the swelling volume
in water, that is, the volume of fully swollen resin in millilitre per
gram of dry resin. The only reported measurement of swelling volume
of irradiated resins is by Nikashina et.al.(10). In the present
investigation a method of measuring the volume of the swollen resin
due to Pepper et.al (53) has been used. The procedure involves
the determination of the weight of water displaced by a sample of
swollen resin using a specific gravity bottle. (Appendix 9b.).

4.2.6 Study of the Effect of heat on unirradiated Deacidite FF

(7-9% x - link) nitrate

The resin sample (aboud 1.0g) either in the dry form or in the

form of an aqueqg slurry was placed in a test~tube closed with a



rubber stopper carrying a bent tube, the other end of which was
dipping into a receiver containiﬁg about 5ml. of distilled water.
The test-tube was heated in an o0il bath at temperatureS‘up~t015000.
A small gas trap was fitted between the receiving end and the hsated
test-tube to prevent .back suction, The washings of the heated wresin
were combined with the trap solutions and analysed for trimethy-
lamine. The exchange capacity of the heated rosin was also deter—
minced.

4.2.7T Dstimation of nitrogen in the irradiated resin.

Deacidite FP (7-9% x-link) nitrate samples irradiated
in water al three different doses were heated in the sulphate form
at 10500 for a week and the nitrogen contents of the hezted resins
were determimed by Kjeldahl's method (Appendix 8).

4¢3 Results and Discussion

4.3.1. Some observations on unirradiatced Deacidite FF

T-9% x-1ink) nitrate

Deacidite FPF nitrate used in the irradiaton experiments
wvas from three batches of the resin, each batch having been scpara-
tely converted to the nitrate form. Measurements of exchange
capacity of the unirradiated resin were carried out on several
samples from each batch (Table 4.3). It may be noted that the
strong base capacity values fall within the expccted experimental
error in the case of a single batch, while there is wider variation

(from 3.5 to 4.5 meq./g.) between each of the three batches. The
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Table 4.3: DeterminatiorS of Exchange Capacity for unirradiated Dsacidite
FF_(7-9% x-link) nitrate.

Bateh Sample !Strong Weak base | Weizht of
number | number (base capacitys| capacity: resin g
" oo/ werfe |
1 (1) 3458 - 0.301
(2) 3.47 - 0.289
(3) 3.76 - 0.0944
(4) 3.71 - 0.1134
(5) 3.66 0.16 1.556
Mean 3.61 i 0416 -
2 (1 4.45 0.19 1,263
L (2) 4.30 0.10 1,447
(3) 4,28 0.36 1.312
(4) 4.54 0.20 1.491
Mean 4.39 0.28 -
3] ) 4.07 0.44 0.8872
(2) 3.88 0.22 1.294
(3) 4,00 I 0.22 1 1,386 j
| i Mean ; 3.98 0.29 % - 1

Table 4.4: Repeated Determinatiorns of weak base capacity of unirradiated

Deacidite FF (7-9% x~link) Batch No, 3
Sample | Weak base -, No» of times
number ! capacity ! repeated
meqy g- |
(1) | 0.30 I 0.0 5
(2) 0.27 X 0.01 5
(3) 0.22 * 0,01 5




Table 4.5:

Effect of heat on unirradiated Deacidite FF (7-9% x~1in%)

nitrate.

Experimental condit ions Strong Weak base (CHS)‘N
base capacity meds/ge
capacity| meqg/g
meqy/g-

Unheated 3.66 0.16 - i

Outside tempe 105%. Slow refluxing : é

with water. Heated 28 hours 3.95 0.18 nil 5

Outside bath btemp. 135-150%. Initially |

dry, laver on backsuction occurred and i

so vigorous refluxing with water. : : ;

Heated 20 hours. 3,61 0.34 0.038 i

Qutside bath tex>. 150%& Dry. i %

Heated 20 hours. 3.7 0.28 0,002 i

Outside bath temp, 135%. Vigorous

refluxing with water. ' :

Heated 24 hours. 3.81 0.22

0.002




values for the weak base capacity vary more widely even in the

same batch.s It wuld have been desirable to make repeated measure-
ments of cxchange capacity on the same sample, but this was not
possible because +the sulphate ions were so firmly attached to

the resin. Repeated measurements of weak base capacityJ

howevorl were carried out on three different samples and the results
are given in Table 4.4. Under these conditions the wecak base capa-
cities were reproducible to better than bt 5% in a particular
sample, in contrast to the large variations found between different
samples. A possible explanation of these variations iss that the
distribution of the functional groups in the resin is not uniform.
In all tablg the capacity data quoted for zero irradiation refers
to the batch of resin used, unless otherwise indicated.

Strong besc resins are known to be thermally . unstable when
present in the hydroxide form, while the salt form is morc stable to
heat. Baumann (55) found that Amberlite IRA - 400 hydroxide in
contact with water at 9000 lost its selt-splitting capacity by two
distinct processes, one being complete in three days wth a 15% loss
in capacity, the other being a2 slower decomposition with a half

life of 43 days. Both the bicarbonate and the carbonate forms

of Amberlite IRA - 400 exhibited greater stability in water at 9OOC
than the hydroxide form. Hall and Streat (29, 30) cbserved, on
heating Deacidite FF hydroxide at approximately 100°¢ for
five days, a loss in quaternary capacity of 28% and a loss in total

capacivy of 21%. Wheaton and Baumann (83) did not observe any noti-
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ceable lau In mpacity when a chloride resin was heated at 100°¢ for
16 hours, while Marinsky and Potter (84) noted a2 loss of

capacity at temperatures of 117o and 1350C. In the present
investigation Deacidite FF nitrate is found to be stable for at
least 20 hours on heating (Table 4.5).

4.3.2. Irradiation of Deacidite FF(7-9% x-link}nitrate in

neutral media.

The results obtained in the irradiation of Deacidite FF
(7—9% x-1ink) nitrate in the presence and absence of water and
oxygen are given in Tables 4.6 tc. 4.12 and Fig. 4.1 to 4.8.

Resin nitrate as water slurry - I

When<the nitrate resin is irradiated as a slurry in water in a
test-tube closed with an ungreased stopper, thec loss of strong base
capacity with dose is linear (Fig 4.1). When the logarithm of the
percentage of the remaining strong base capacity is plotted agaiust
dose (tcking into account the varying initial strong base capacity
for cach batch), iﬁ appears that the plot is built up frm two terms,
cach term expressing an exponential relationship between the residual
capacity and the dose (fig.4.2.). This behaviour is similar to
that noted in the case of the hydroxide resin. About 50% of the
strong base capacity is lost in 600 Mr. and so the nitrate form
appears to be about three times more stable to radiation than the

hydroxide form. The percentage loss in weight in the case of the



Table 4,63

Variastion of Exchange and Swelling Capacities with Doss.

Irradiation of Deacidite FF (7-9% <-1ink) nitrate in water:

e el d

Dose Strong base capacity: | Weak ISwelling capacity Baton
U, — meq{g~ Ezzsoity g. of H,0 mli‘of wet; Ko
I\TO3 1\T02 Total meq/g- gﬁr g. ?f resin per
y resinig. of dry
resin

Nil | 3.61 | nil 3,61 0.16 0.95 170 1
Nil | 4.39 ! nil 4,39 0.28 0.96 1.75 2
Nil {3.98 | nil 3.98 0.29 0.96 1.72 3
110 - - 3.82 0.51 - - 2
147 12.94 | 0,443 3.38 0.63 - 5
167 - - | 3.52 0.60 - - 2
214 [ 2.64 | 0.7461) 3.39 0.88 0.74 1.55 2
261 - - 2.73 0.91 - - 2
313 11,87 | 0.87 | 2.74 1,11 - - 2
420 - - 2.55 117 - - 1
478 11.39 |0.94 }2.33 1641 0.73 1.52 2
618 0,75 | 1.0 | 1.75 1.74 - - 2
670 §0.44 |0.87 | 1.31 1.78 - - 3
T42 | 0,52 0.91 1.43 2.4 0.61 147 i
815 J0.31 {0.7341 1.04 2,18 - - 2
908 0,19 10.53 | 0.72 2,30 0.52 1.32 1
1552% | nil |nil | nil 1472 0.45 1.24 2
2000* nil _[nil Inil 1.6 0.4 1.20 2

*
Harwell Irradiationse

A m—— " —— . gt it




Table 4.7: Irradiation of Deacidite FF (7-9% x-link) nitrute in waters

Variation of Products in the leach with Dose.

‘ ile| Nitrite | Nitrelo | Firc.i
Dose:gcﬁ3)3n (OHB)ZNE CHy.NH,| NH, |Sum of |Volatile|Nitrite | Nitrais| Firc.
¥r. | me / me / . me / meq/ N base m.mole/g mamdeg Welge
. ay 8- a78 a7 8 & products meq,/ g i g,
meqy/g- ) I
"":“" . 7 . .. ! .
110 3§ 0,254 0.066 0.004 {0,028} 0,352 0.33 0.125 0,14 2.4+
147 1 0,303 | 0.063 | 0,007 [0.009{0.384 {0.39 0.086 | - l1.61"

167 1 0,383 | 0,059 | 0,013 {0.048]0.503 0.4 1o.12 10,18 11.66%
214 | 0,497 | 0.096 | 0,013 }0.01 |0.616 {0.65 |o0.102 - 1
261 | 0.466 | 0,085 | 0.007 |0.046|0.604 0.57 0,19 0.19 |2.167
313 {0,546 | 0.119 | 0.009 {0.03 [0.704 |0.75 0,255 | 0,19 |1.8¢
420 0,64 | 0.143 | 0.02 |0.089{0.892 }0.92  [0,313 o0.19 |1

478 10,716 | 0.126 | 0.005 }0.043]0.89  |0.98  ]0.339 {o0.32 |1

618 | 0.804 | 0.265. | 0.025 |0.082|1.18 1.4 0.49 | 0.044 |1.255

670 11.08 10,355 | 0.03 [0.109{1.57 1.64 0449 - .oz
742 1 0.87 | 0.3 0,03 j0.023{1.223 11.56 0.555 - J1.1%a
815 | 0.84 | 0.37 0.008 [0.027|1.245 {1.57 0.465 - 11.54%
908 | 0.89 0.49 0.042 |0.166]1.59 2.1 0.37 0,11 {1.0%¢ -
1552% 1,28 | 0.14 0.073 {1.65 | 3.14 2,96 nil . {0758
2000%‘0.368 0.092 | 0.051 1.7 {2.28 2,02 nil ~ {0,791

.x-
Harwell irradiations.
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Table 4.8.

Irradiation of Deacidite FF (7-9% x~link) nitrate in water ;

Loss in Weight.

Dose Initial | Final weight E Percentage loss
yp. | weight | . in weight.
g‘ g. ‘
147 1.775 1.617 9 |
670 1.39 1.023 26.4
1552° | 1.14 0.7561 30
2000 1.19 0.7914 33.5

¥  Harwell irradiations.

Table 4.9.
Irradiation of Deacidite FF (7-9% x-link) nitrate in water :

Nitrogen estimation of the sulphate form of the irresdisted

resin after heating at 10500. for about a week.

Dose | Total capacity§ Kjeldahl . Batch
Mr. ! Witrogen % No.
meq./@. meq./g. :
nil * " 3,85 3,84 1
167 412 3,16 2
420 - 3.72 . . 3.76 1
570 3405 % 2.54 1




Irradiation of

Table 4.10.

Deacidite FF (7-9¢ x.link) nitrate in water

Dose rate effect.

Exchange ~apacity:meq./g. Basic Products : meq./s.
H T : sy ‘:
Dose | Dose Strong base capacity | Weak ( CH} ) J ( CHy HCH - g%uggﬁ‘ i XZ:E'; o.
Mr. | rate NO_-{ NO = | Sum base -X.{NH: lgg_i’.l‘IH; ducts.
Mr./he 3 2 capacitL i i SR
nil - 1 4.39] nil  (4.39 0.28 I
214 006 2.64 0075 3035 0088 005 '1 00013 0.0l ?O-62 O..s6
014 | 0.15 | 2.17| 0.69 |2.86 0.81 o.3%c3090.007 0.0080.4§  0.57
240 0.054] 2.2 | 0.27 | 2.47 0.96 0.2écx1@o.aﬁ 0,0220.47  0-56
L
C ]




Table 4.11,
Trradiation of Deacidite FF (7-9% x-link) nitrate form in the

116,

presence and absence of oxygen and water :

Variation of Exchange

and Swelling Capacities with Dose.

; Dose; Strong base Weak Final Swelling
; , ;
I . ganag;t . | base | wt.  weight. g.
Conditions Mr, 3 NoZ ‘ Total - capacity | of H50 per g.
> | meq./gs] &« | of ary resin. |
i . , .

(1)Irradiation of |Nil | nil 3.98! 3.98 0.29 - 0.96
Resin in water |
with oygen pass- 110 o.o9p 3.53@ 3.62 1 0.75 ! 1.341 0.91
ing continuously. | 275 | 0.22} 2.77i 3.0 1.4 1.182 1.04

i
! .
(2)Irradiation of {Nil | nil | 3.98| 3.98 0.29 - 0.9%
Resin in water in 107 | 0.341 3.07 | 3.41 | 0.48 | 1.152 0.8
the absence of : ’ o - )
oxygen: 1 _ . ..
(a)Removel of oxygeﬁ 306! 0.79|2.02 | 2.61 | 1.06 | 1.189 0.743
by passing nitrogen :
(b)Removel of oxygeh 397 | 1.49 | 0,995! 2.49 | 1.42 | 0.7444 0.517
under vacuum(?) | i

(3)Irradiation of 1Nil |nil |3.98 | 3.98 0.29 - 0.96
Dry Resin with 1172 104002} 3.63 | 3.63 0.74 1.732 0.965 i
oxygen pessing i !

}

(4)Irradiation of |Nil {nil |3.98 | 3.98 0.29 - 0.96 ;
Dry resin in the i : !
absence of oxygen | i ;
a)Removel of 1298 10.04313.2 3.24 | 0.94 | 1.634 - i

oxygen by passingg %
hitrogen. i i {
(b)Removal of oxygen|279 [0.027{3.38 |3.41 0.96 | 0.992 0.53 ;
ERAST VRN 345 0.057[5.35 |3.39 ) 0,99 | 1.7 0.67 |

. q !
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Table 4.12.

Irradiation of Deacidite FF (7-9% x-link) nitrate form in the
presence and absence of oxygen and water: Variation of Products

in the leach with Dose.

by ; : . Sum of | TVola~ | §
Dose (CHz);N | (CHz)oMH | CH;.NE { NH; [N pro- | tile \Nitrite |
gonditions. M. | 5 { ducts. base 'm.mole &
lmeq./g. meq./g. | meq./g. meq./g.lmeq./g.| meq./g. | |
frree T . ‘
g (1)Irradiation ‘ , :
of Regin in wateqy 110? 0.5L ; 0.095 | o0.018! 0.011| 0.63 0.58 | 0.0%33
with oxygen i ; ‘ '
passing con- | 275 1.0l 0.097 0.017; 0.037| 1.16 1.38 | 0.185 .
tinuously. i E :
(2)Irradiation g , i '
of Resin in 3 i '
water in }he ' i :
' absence o i ! i ¢
oxygen: : ‘ ! i
. (a)Removal of | 107 0.22 0.098 0.025; 0.013] 0.36 0.36 | 0.05
’ ox;ygen by pass- : :

. ing nitrogen. | 306] 0.68 L 0,15 0.0261 0.041] 0.90 0.91 | 0.287
| (b)Removal of | 3971 0.96 0.20 0.0281 0.047} 1.23 1.24 ; 0.392
under vacuum?) { }
: e
§3%%§radiation 1720 0.41 | 0.12 0.008] 0.014 0.546] 0.576, (Vgll
) resin ; , i
with oxygen | T30 ]/i
passing contineg { P )
uously. 298l  0.67 0.15 0,009 0.021f 0.85 0.92 : nil
’ (N0, ™
1.0 m.mcﬂo/
% g
5‘ §4 Irradlatlcﬂ :
i resin in ;
i the absence of ‘
f gens ; i .
(@ a)Remoyal of | 298 0.65 | 0,12 0.006) 0.01§ 0.79: 0.75 : 0.015
oxygen by pass-i f ! | .
ing nitrogen. - ;
(b)Removel of | 279 0.61 0.17 0.012! 0.014 0.80] 0,81 | 0.0124
oxygen under ] ;
vacuum | 345 0.63§ 0.4 | o.011] 0.01§ 0.80 0.83 - 0.018
| i ! i i
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nitrate resin appeam to be less than that for the hydroxide
resin.

The strong base capacity of the irradiated nitrate resin
consists of nitrate and nitrite capacities. It is clear that the
conversion of nitrate to nitrite is taking place during irradia-
tion. The phenomenon of the radiolytic decomposition of the
aStached anion is not encountered in the case of the hydroxide and
chloride resins andis peculiar to the nitrate resin. Strong
base nitrate capacity falls rapidly with dose (Fig.4.3), the fall
being due partly to the loss of guaternary ammonium groups and
partly to the conversion of nitrate to nitrite. The strong base
nitrite capacity rises and then falls as is expected. The rise
is due to the conversion of nitrate to nitrite while the fall
is mainly due to the. loss of functional groups. The formation of
appreciable quarities of nitrite on the resin irradiated in water
may prove disturbing in column operations, as copious gas evolution
takes place when an acidic solution is passed through the resin.

The loss in strong base capacity during irradiation is
accompanicd by a rise in weak base capacity and releasc of basic
products in the leach as in the case of the hydroxide and chloride
resins. The ratec of increase in weak base capacity (fig.4.4.) is

smaller than that observed in the cnsc of the hydroxide fcrm. At

doses above 1000 Mr., the fall in weak base capacity is due to there

"being few strong base groups left.
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The variation of trimethylamine concentration in the leach
with the absorbed radiation dose is plotted in Fig.4.5. The
results indicate that loss of methyl groups attached to the
quaternary ammonium group predominates over the loss of the
trimethylommonium group, since the rate of increase in weak base
capacity with dose is greater than that of trimethylamine up to
about 1000 Mr. The plot of dimethylamine with dose (Fig.4.6) is
similar to those of trimethylamine and weak base capacity.
Dimethylamine, trimethylamine and weak base groups appear to be
primary products of the radiation - induced decomposition of the
guaternary ammonium groups and so the situation is analogous to
that observed in the case of ihe hydroxide rcsin. The almost
complete absence of methylamine in the leach of the irradiated
nitrate resin, however, offers a striking contrast to the results
obtained in the case of the hydroxide resin. The concentration
of ammonia is also small up to about 800 Mr. but it then starts to
rise rapidly up to a constant value above 1600 Mr.. It is clear that
ammonia is a secondary product, as in the irradiaton of the hydroxide
resin. The further oxidation of ammoniza to nitrite is difficult to
check, as the lcach contains the nitrate ions rcleased from the
resin and the nitrite ilons which could be released partly from the

resin and formed partly from the nitrate ions present in the leach.

The volatile basc estimations correspond reasonably with the



sum of the four basic products estimated individually. As already
mentioned no Kjeldahl nitrogen estimates were done because of the
presence of thco nitrate and nitrite ions in the leach. The sum
of the.incrcase in weak base capacity and the volatile base
in most cases equals the loss in strong base>capacity. Since
appreciable weight losses have been noted at higher doses (Table 4.8);
some decomposition of the resin to unidentified nitrogeneous products
must be taking place. It may also be noted that the sum of
nitrite and nitrate ions in the leach is very much less than the
amount of volatile base formed. This is in contrast to the results
obtained in the case of the chloride resin, where the amount of
chloride ions liberated was found to be equal to the amount of tasic
products formed. This would be explained if the nitrite and nitrate
iong are decomposing into unidentified nitrogencous products, while
chloride ion is not capablc of further decomposition.

The change of swelling weight of the irradiated resin with
dose absorbed is plotted in Fig.4.8., The continued decrease in
swelling weight indicates an increase in crosslinking as irradiation
proceeds. The rate of fall of swelling weight is smaller in the
case of the nitrate rc¢sin than for the hydroxide resin. The
swelling volume changes correlate with the swelling weight.

Bednar et.2l.(25) and Hall and Streat (29,30) have observed

no dose-rate effect on the radiati on-induced decomposition of a



cation and an anion exchange resin respectively on varying
the dose~-rate by o factor of fours In the present investiga-
tion the dose-rate has been varied by a factor of about ten and
the results obtained for the formation of nitrite on the resin
and triw-, and dimethylamine in the leach are given in Table 4.10.
These results show that decreasing thc dose~rate leads to a
decrcase in amount of radiation inducced decomposition of the
resin.

The effects of oxygen and water on the radiolytic decomposi-
tion of the nitrate form of the resin are given in Tables 4.11
and 4.12 and Fig.4.l, A.4 and 4.5. When the resin is irradiated
as a slurry in water, the presence of excess oxygen increases
the weak base capacity and the amounts of basic
products formed. Ehe amount of nitrite, particularly that
attached to the resing is however smaller when oxygen is being
passed through as would be cxpected. The swelling capacity
secms to increase in the presence of oxygen indicating docrocs-
linking. When the resin nitrate slurry in watsr is irradiated with
the continuous passing of oxygen, the leach solution is bright
yellow in colour. The removal of oxygen from the resin slurry does
not appear to have any noticeable effect either in the variation of

exchange capacity or in the formation of trimethylamine and

nitrite. It is possiblc that some oxygen may be produced during



irradiation because of the conversion of nitrate to nitrite,

It has already been noted that the unirradiated
Deacidite FF nitrate is thermally stable. It was suspected thet

irradiation of the resiin nitrate might make it thermally

unstable. The results in Table 4.9 do not substantiate this. The
lower values of 570 Mr. are attributed to incomplete digestion
of the resin.
Dry Resin

The dry resin has been irradiated in the presence of a continuous
flow of oxygen and in absence of oxygen. It is found that the
removal of water has little or no effect on the loss in strong
base capacity, the gain in weak base capacity and the production
of amines. However, the rcemovel of water has a profound effect
on the production of nitrite. When the dry resin is irradiated
either in the presence or in thc absence of oxygen, there is
practically no nitrite eithor on the resin or in the leach.
It was also noted that when oxygen was passed through continuously,
all the basic products were rctained by the dry resin and very
little was conveyed to the trap solutions. Thus the dry nitrate
resin has a high agsorptive capacity for bthe amines as was found
for the dry hydroxide resin. 1In fact the nitrate ions released
due to the destruction of the strong base groups arc attached

to the dry resin almost quantitatively even when oxygen is passed
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through continuously.
Conclusions

Decomposition of the quaternary ammonium groups gives weak
base groups, trimethylamine and dimethylamine by direct action, oxyger.
and water playing no signigicant part. PFormation of ammonia is
a secondary reaction. A similar conclusion was drawn from the
results of the irradiation of the hydroxide rcsin.

The reaction mechenisms suggested for the radiation-induced
decomposition of the hydroxide resin can be applied to the nitrate
resin. The almost complete absence of methylamine is, however,
difficult to explain. The formation of nitrite from nitrate in
the case of the nitratc rosin is a.new feature. There is no
published work available on the effect of radiation on amine
solutions in the presence of nitrite but it is known that primary
and secondary amines react in acid media with hitrite to
give nitrogen and nitrosocamine respectively.

The productions of nitrite from nitrate and nitrate from nitrite
are well known in radiation chemistry. The effects of radiation on
aqueous solutions of inorganic nitrogen compounds have been reviewed
by Pikasev (85). UNitrite is the main product of the decomposition
of nitrate. It has been suggested that the reduction can take

place by direct or indirect actiong NOS-«Ma NOE + '%02 Direci action
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H,O =34 4 .0H

2
NOS + B, + ;0 Indirect action
— — _1..
4.
2M0, + H,0 - No3 + NO, -+ 2EH

In the present investigation it was obscrved that practically
no nitrite was‘formed in the absence of water. Any direcct effect
may not be noticeable; however,; because the energy absorbed by the
nitrate ions is small in comparison with that absorbed by the resin.
The G~value for the formation of nitrite observed during the irra-
diation of the resin slurry in water is approximately five. This
compares favourably with the G-value of 4.5 obtained in
neutral solution. of NaNO3 (2—6M) in presence of oxygen and
is more than the G - value of 2.2 observed in 1M NaNO3 solutions
saturated with nitrogen (85). Hydrogen, oxygen, hydrogen peroxide, |
nitrogen and oxides of nitrogen zre the other products formed during
the radiolysis of nitrate solutions.

It is concluded that nitrite is formed from nitrate in tke
resin slurry system by indirect action.

4.3.3. Irradiation of Deacidite FF nitrate in acid media

The results obtained in the irradiation of Deacidite FF uitrate
(7-9% and 2-3% crosslinked ) as slurry in acid solutions are given
in Tables 4.13 to 4.23 and Pig 4.9 to 4.15. As the action of
radiation on the polymer framework is very severe in this sys.em
and also has an influence on the measured yiclds of basic produnds, i¥

is first considerecd.



Table 4.13.

Trradiation of Deacidite FF (7-9% x-~link) in 7M nitric acid:

Variation of Exchange and Swelling (apacities with Dose.

133

Swelling Capacity i

; Week base Strong |__ " !
M| e | B | W et R |
mneq./g. meq./g. of nl.per
: dry resin |g.of dry
§ resin,
? nilt 0,18 4e04 0.96 1.72 1
| ni1” 0.39 3a7 1.22 1.97 2
96 0.69 3.5% 1.24 2,02 3
99 0.76 3,55 - - 2
204 1.18 3.2 1.5 2,24 2
318 1.65 2.5 - - 2
403 2.5 1.64 1.77 2.53 3 g
414 2.4 2.37 2.27 3.0 2
526 3.63 1.17 2.68 3.42 2
615 2.44 1.16 1.48 2.27 1
660 5.1 0.88 1.49 2.21 ! 2
711 2.71 0.8 - - ! 2
830 6.8 nil - - 3
830 4.18 nil - - 3
840 2.9 0.29 0.76 1.48 2
500 4435 nil - - 3

s

(T}

42 days in M HNO3
150 days in ™ HNO3with a trace of nitrite

Harwell irradidiation.



Table 4.14.
Irradiation of Deacidite FF (7-9% x-link) in TM HNO; :

Variation of basic products in the leach with Dose.

L3

s

i~
3

5 I Sum of | Vola- | Final
M. ' meqg./g. meq./g.  |med./g.|med/B | qucts | base , 1 OF Xe8iT
§ meq,/g. meq./g- g
96 | o0.108 | o0.00 nil 10.023 | 0.14 ' 0.36 ! 0.997
99 0,102 0.013 0.004{0.025 | 0.142 | 0.165| 1.273 |
204 0,264 0.022 0,007} 0,043 | 0.336 | 0.28 | 1.715

y 318 0.565 0.042 0.02 10.1 | 0.727 | 0.63 [ 1.4 §

403 0.8 0.047 nil |0.166 | 1.013 | 0.96 | 0.6277 ;

§ 414 0.705 | 0.032 0.026/0.054 | 0.797 | 0.77 | 1.02°

| , .

L 526 1.34 0.088 0.058 0.26 1.75 1.69 | 0.745

!

i 660 5.38 l 0.265 0.32 11.41 6.%8 6.85 | 0.2190
711 3.78 | 0.188 0.104{ 0.118 | 4.19 3.9 | 0.3075
830 25.7 1.56 0.2 |8.22 35.68 | 32.5 0.0591
830 54 %.54 1.0 l4.7 73.24 | 73.2 0.0243
840 20.8 0.93 0.71 | 1.3 23.7 | 23.7 | 0.0982 ;

1000 1.8 | 0.096 0.086| 0.37 | 2.35 2.36 | mnil §
500 | p@ml- | 2.08 0.57 1 9.4 154 47.5 1 0.0192 §
750* ! 1.76i.nl 0.074 0.024] 0.56 | 2.42 2.08| nil

! 50 ml.: ; :

* Herwell Irrediations.



Table 4.15

Irradiation of Deacidite PP (7-9% x-link) in TM HNo3

Trimethylamine yield as a function of the initial

weilght of resin

Dose (CHB)BN Initial
M. weight
meoy/g- of .
initial | °of resin
wt. of e
., Tesin
— e
96 0.106 1.02
403 0.543 0.925
660 1.0 1.175
830 1.43 1.062
830 1.25 1.05
500* 0.786 1.024
750% 1.63 1.082

L aalee s

¥ Harwell irradiations



TABLE 4,16

Irradiation of Deacidite FF (7-9% x-link) in 7MTHN03:

Estimation of the dissolved carbon

T

——

s b
PR WY

Initial Carbon __Final Carbon : g, . )

o Resin remaining (UH3)37N7;f Dissolved carbon Total
Dose| Wt of |EBquivalent] Wt ofjEquivalent cquiva— Wt of carbon analysis|Carbon |final
Mr., | resin carbon resin| carbon lgnt & dissol. in 5 ml}carbon

matter
carbon in Sml a b mean
403 | 0,925 0.63 0.6277{ 0.5 0.018 0.3824 { 3.2T12.78} 3.03 0.116 (0,634
660 1.175 0.8 0.219 0.186 0.042 2.332 2.36) 2,01} 2.19 0.511 0.739
500%] 1,024 0.6 00,0192 0.016 0.029 1.733 3.121 3.341 3.23 0,560 0.60
750* 19082 Oo7 zt l’lil nil Oo 064 lo 944‘ ] 3029 - 30 29 Oa 640 OA704
*

Harwell irradiations,



Irradistion of Deacidite

TABIE 4,17

FF (7-9%

137

x~1link) nitrate in presence

of uranium and sulphamic

acid:

Variation of exchangce and

swelling capacities with dosge:

Weak | Strong Swelling
Conditions of Dose| base base ___capacit Batch
experiment My, | capa- | capa- g.of HQO" w.L.0F NoL
city city wet ?
, per g.of X
meqy/g.| meq/g . | resin
dry resin per g.
of dry
resin
— )
Resin in 7M nitrid 118¢ 1,14 345 - - 2
acid with :
uraniuvm on the
resin T34 1 3,72 0,11 - - 2
Ragin in TM 3951 1,76 2.45 1,%2 2,07 T
nitric acid and ;
Sulphamic acid 617] 2,56 0,23 0,68 - z !
- ) v
Resin nitrate in | 685 1.6 nil - - 2
Sulphamic acid
1004 | 1,64 nil - - 2




TABIE 4,18

Irradiation of Deacidite FF (7-9% x-link) nitrate in

nresence of uranium snd julphamic acid:

Variation of Bagic products in the leach with Dose

-
(Y
[ed

ey s s

CH_NH

{
V(CH, ). N NH N S Volati P
i H5)3 (OH3)2 5V, ]HB %m of bgsg ile w;.?ai_t

Conditions Dose ﬁro & of %e
o; Experiment| Mr. | meq/g | meq/g- neg/ g meq/g-ucts meqy/ g. resin
o meq/s. g-
Resin in 7M | 118| 0.13}0.003 nil |nil [0.16 - 1.55
riitric acid
with uranium »
on the resin | 7341 29,2 11,12 0.78 |0.53%331.6 28.3% 0.0473
Resin in TM 395 0.9 10.05 0.02 0,3311,29 1.23% L.223
nitric acid

and sulphamic

acid 617% 30,7 11.53 0.21 8.15 l0.6 41 0.0479
Resin nitrate| 685| 2.461(0.15 0,02 |0,63(3,26 3,48 1,22
in sulphamic

acid 1004 2.7 10.2 0.02 0,44 13,36 3,25 1.6




TABLE 4.19
Irradiation of Deacidite FF (2-3% x—link) in TM HNO :

Variation of Exchange and Swelling Capacities with Doce

»i
vo

e T e
mEQ/g'y gzgig?ty g of dry resin g. of dgy resin

nil 0.43 3436 1.52 243

83 0,73 2.43 1.67 -

256 161 1.86 1,75 -

364 2,01 1.38 : 2.0 2,75
592 2.41 1.22 1.1 2.0

997 2.41 nil 0.71 1.58
1114 2,27 0.36 - -
1114 2.19 0,43 - -
1266 2.22 nil 0.683 1.74




SAD,
| » _TARIE 4,20
Irradiation of Deacidite FF (2-3% x-link) in 7M nitric acid
Varigtion of Basic products in the leach with Dose

e | TS IO Wy [ e |,
* | meq/g. | meq/g  |meq/g-|meq/s| meq/s meq/ g | of resin
g.
564 | 0.54 10,052 nil [0.126 | 0.7 17 0.68 | o0.6121
592 | 0,9  {0.044 0.014 {0.12 1.08 1,08 0.6411
997 | 1.94 [0.208 0.026 [0.924 | 3.1 3,24 0.4769
1114 | 2,31 0.345 0,245 |1.21 4,11 3452 0.6033%
1114 | 1.98 .3 0.202 |0.89 3,37 2,92 0.3578%
1266 | 2,27 [.346 0.254 {1,02 3.11 | 3.28 0.4061%*

* Sum of ammonia soluble and ammonia insoTuble portions

TABLE 4,21

Trradiation of Deacidite FF (2-3% x-link) in 7M nitric acid:

Solubility of resin in ammonis

Dose Aﬁﬁonia Ammonia Total final
Mx, soluble insoluble weight
portion | portion
gﬁ n 28 &

997 nil o | 0.4769 . 0,4769
1114 0.0642 | 0.5391 -1 0.6033
1114 0.0594 0,2984 t 0.3578
1266 0.3%651 0,041 { 0,4061




Irradiation of Deacidite FF (2~3% x-~link) in 7M

nitric acid:

Trimethylamine vield as a function of the initial

weight of resin

Dose (GH3>3N %g%éi%l
G T A
wt. of
resin
364 0.4 0.825
b92 0,565 1.021
997 0.91 1.02
1114 0.93 1.5
1114 0.70 1.01
1266 0.845 1.09

4.



TABIE 4,23

Irradiation of Deacgidite FF in Acid media

Meagsurement of Weight loss

‘ Initial Final Percentage
Conditions Dose weight weight loss in
M. g. g weight
Trrodiation of 96 1,02 0.997 2.3
Deacidite FF .
(7-9% x-link) 403 0,925 0.,6277 32
in TV nitric
acid 660 1.175 0.219 8L
: 830 1,05 0.0243 98
830 1.062 0,059L 94
500%* 1.024 0.0192 98
T50% 1.082 nil 100
Irradiation of 395 1.8 1,223% 32
Deacidite FF
(7-9% x~link) 617 1.02 0.048 95
in ™ nitric
acid and
sulphamic
acid
Irradiation of 264 0.825 0.6121 26
Deacidite FR
(2~3% x~link) 592 1.021 0.6411 37
in ™ nitric
acid 997 1,02 0.4769 53
1114 1.5 0,60%3 60
1114 1,01 0.3578 65
1266 1.09 0,4061 63
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Polystyrene framework

While irradiation of the resin nitrate in

water leads to an increase in crosslinking of the resin
plystyrene network and some loss in weight),there is extensive

damage when the resin is irradiated in TM HNO.. Degradation

3
of the polymer and dissolution of organic matter take place
until at 1000 Mr. the resin is completely dissolved to

give a highly viscous bright orange coloured solution. When

this scolution is neutralised, a yellow precipitate appears

but this dissolves in excess alkeli. The solution is darker in

colour in basic medium. The acidic solution has no absorption

maximum in the visible region, whilc the alkaline solution has a

maximum at about 400 mua (fig.4.15). The absorption spectrum

a2t 1000 Mr. is very similar to thot obtained at a rclatively low

dose i.s. at 318 Mr. That dissolution of the rcsin is taking
plee at all doses can be observed from the gradual lncrease in

the intensity of colour and the increasing viscosity of the

sclution in contact with the resin. The extent of dissolution at

~different doses was obtained by measuring the loss in weight of

150.

the resin (Tablec 4.23 and Fig.4.14). It may be seen that above 300Krt.

there is a2 rapid increase in the rate of dissolution.

The cxtent of dissolution secms to be grceator in the case of

the resin irradiated in the Harwell Spent Fuel Element Ponds

of the resin dissolved at 500 Mr. Such inconsistenciles

between the rosults of the ccbalt and Harwell irradiations have not
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been explained. There is no evidence of dosimetry errors large
enough to account for the differing rosults. It has been shown
that the loss in Weight of th¢ resin agrees with the estimations
of dissolved carbon (Table 4.16). It is concludecd thet the amount
of carbon lost as gaseous products or in any other wgey is not
appreciable.

Since the resin was in contact with TM nitric acid for several
days to reach a dose of a fow hundred megaresds, it was necessary
to investigete the effect of TM nitric acid on the resin. It was
found that standing thc resin in TM nitric acid for 42 days did
not produce any noticeable damage; the weak and strong base
capacitics remained practically unaltered and no amines were
detectod in the leach. However, small amounts of nitrite (about
0.075mmole/g.) were dctected in the nitric acid solution in
contact with the recsin. Rysn and Wheelwright (28} etatae thet

G
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similar reosins allowed to stand in static nitric acid at 60
severely damaged in 2 weeks, appnrently becausc of autocatalytic
build-up of nitrite. In systems of flowing fresh nitric acid or
systems conteining nitrite suppressors, very little damage was
observed. In the present investigotion autocatalytic build-up

of nitrite at room termperaturc was observed, but no damage to

the rosin was oObscrved. The cffect of standing the resin

for 150 days in TM nitric acid, to which nitrite had becen added,



was investigated. Most of the nitrite decomposes immediately. An
increase in the swelling wcight was noted, but there was no
apparent dissolution of the resin (Table 4.13).

It was considercd that the continuous rediolytic. production
of nitrous acid might play a part in bringing about the dissolution
of the resin on irradiation in M nitric acid. Some irradistions
of resin in TM nitric acid were thercfore carricd out in the
proscnce of a nitrite suppressor (sulphomic acid) which would
react with the nitrous acid as it was formed, NaN02 +'NH280 H=

3
NaHSO ,+ H,O +N_,. Prosence of sulphemic acid was found not to affect

4 72 2
the rate of dissolution of the resin. (Table 4.23 and Fig.4.14).

From the figgeing it is concluded that on the basis of resin
weight losscs, the Deacidite FF recsin is unsuitablc for applications
in nitric acid at doses above 300 Mr. The resin, however, muires
other undesirable featurcs. When the resin was washed with 4%
nitric acid or with methyl alcchol during the course of the weak
base determination, no colour was noted in the washings. When
dilute ammonia was passed, cven after low doscs, an intensc orarge
colour, very similer to that of the solution containing the dissolved
resin, apperrcd. Thus an ammonie soluble component is formed in the
irradiated resin, thovgh it has bcen shown that this is not present

in apprecieble quantitics becausc of the agxement between the loss

in weight of thc resin and the amcunt of dissolved carbon found.
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The irradiated resin which contained considerable amount of weak
base also showed some remarkable swelling behaviour. When the
nitric acid solution in contact with the irradiated resin was
removed; the weck base groups of the resin were present as salt.
When dilute ammonia was passed through to hydrolyse the weak base
groups, the volume of thc resin bed incrcased as much as four
times at 600Mvy. and it was difficult to flow the solution through
the expanded bed. It is difficult to understend why this should
be so, as the only effect of ammonie would be to remove nitrate
from the weak base amine groups to leave the free base. In this
connectior Salmon and Hale(86) state that with weakly acidic and
weakly basic resins, the swelling in watcr is least when the
resins are in the free acid or free base forms respectiveiy, and
there is usually a large incrcase in volume when resins of either
type are converted to the salt form. The prescnt results are direct
contradiction to this. This effect was not observed when the
resin nitrate was irradiated in water.

The variations of swelling weight (Fig.4.13) and swelling
volumes of the resin irradiazted in TM nitric acid with dose are
given in Table 4.13. It can be seen that the water content of
the irradicted resin rises rapidly as the dose increases and this
is to be expected, since decrosslinking of the resin should preccde
its dissolution. However, above 550 Mr. the water content of the

resin falls indicating an increase in crosslinking. The dincrease



in crosslinking at such high deses is not of practical importance
since most of the rosin has dissolved by thel. If, however,
Deacidite FF resin of lower crosslinking were irradiated in

TM nitric acid, the plot of swelling weight against dose obtained
for the 7-9 % crosslinked resin (fig 4.13) would move to the left.
The lower crosslinked resin might then rcach the point where
crosslinking begins to incrcese at 2 lower dose and when the
amount of resin dissolved is small. Purthor, as thc resin becomes
more crosslinked, this would lcad to less likelihood of resin
dissolution.,

An ingestigation of the cffect of radiation on 2-3% crosslinked
resin in TM nitric acid weas theorcefore carried out. The swelling‘
measurements (Table 4.19 and Pig.4.13) indicete the cxpected shift
and the cstimations of the percentage loss in weight (Table 4.23
and Fig.4.l4) show that the 2-3% crosslinked rcsin is less likely
to dissolve in nitric acid than the 7-9% crosslinked resin as
irradiation procecds. However, a ncw phenomenon was noticed in
the irradiation of the 2-3% crosslinked resin. At 1000 Mr. a
negligibly small amount of rosin dissolved in dilute ammonia during
the weak base capacity determination. At 1100 Mr. the amount
of rcsin dissolved in anmenia was gbout 10-20% of the finsl amount
of recsin left undissolved in TM nitric acid during irradiation.

At about 1300 Mr., howover, about 90% of the irradiatod resin

dissolved reatily in dilute ammonia (Tcble 4.21). The resin so



dissolved in ammonia was deposited from the solution almost
quantitatively on Dboiling off the ammonia. Thié was dried and
weighed. It is concluded that smaller amounts of acid-soluble

and larger amounts of ammonia soluble fractions are produced on
irradiating the 2-3% crosslinked resin in M nitric acid. The
phenomena of tcolour and bed-swelling in the case of the irradiation
of the 2-3% crosslinked resin were similar in nature but smaller

in extent than those observed in the case of the irradiation of
the 7-9% crosslinked resin.

Functional groups

When Deacidite FF resin is irradiated in TM nitric acid,
strong base capacity decreases, weak base capacity increases and
trimethylamine is released in the leach. The amount of other
basic products, namely, dimethylamine, methylamine and ammonia
is less than 10% of the trimethylamine except at high doses when
the amount of ammonia formed rises to more than 30% of trimethyla-
mine. The extent of the formation of weak base groups and trimethyla-
mine as well as the extent of loss in strong base capaclity seem
to be approximately the same for the 7-9% crosslinked and the 2-3%
crosslinked resin. The low yield of basic products other than
trimethylamine distinguishes the irradiation of the nitrate resin
in TM nitric acid and the chloride resin in water and in M
hydrochloric acid from that of resin nitrate and resin hydroxide

agqueous slurries. It appears that, both in the case of nitrate
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resin and in the case of chloride resin, the pH has an effect
on the nature of decomposition giving rise to products other than
trimethylamine.

The variation of trimethylamine concentration in the leach with
absorbed dose for the 7-9% crosslinked resin irradiated in TM
nitric acid is plotted in Fig.4.11. The yield ie expressed in
terms of final weight of resin (fig.4.11 and Table 4.14). It rises
rapidly above 500 Mr., since apprciable quaniities of resin dissolve
in the acid. When the jeld of trimethylamine is expressed in terms
of the initial weight (fig.4.11 and teble 4.15), an interesting
point emerges. The G-value for the production of trimethylamine
at higher doses is at least as big as that at lower doses. This is
possible only if the dissolved resin in the nitric acid solution
contains trimethyl quaternary ammonium groups which are at least as
susceptible to radiation as those on the undissolved portion of
the resine. If this were not the case and if the undissolved portion
of the resin 2lone were to contribute to the yield of trimethyla-
mine, the G-value would fall and there would be no further increase
in the concentration of the amire in the leach at the higher doses.
With 2-3% crosslinked resin at high doses, the extent of dissolution
is much less and so the trimethylamine is formed primarily from the
undissolved resin.

Irradiation of Deacidite FF nitrate in a ”soiufion of sulphamic
acid givese definite increase in the trimethylamine yeld. When

T HNO is also present, there appears to be only a slight increase

3



in the amine yield but the results are not conclusive.

The chemical effects of radiation on the nitrate resin in sul-
phamic acid appear to stop at 685 Mr. or earlier, since there is
practically no change in the weak base capacity or in the amount
of basic products in the leach when the irradiation is extended
from 685 Mr, upto 1004 Mr. The absence of strong base nitrate

capacity may not necessarily mean the absence of strong

base groups as these could be present as sulphate produced through

irradiation of sulphamic acid (87). As strong base capacity
measurements involve conversion to sulphate these groups would not
then be observed.

No significant differences in the effects of irradiation
emanating from radiocactive isotopes loaded on resins have been
reported in the literature. These might arise due to prescnco of
a heavy metal ion on the functional group or due to the different
action of beta or alpha rndiation from the isotope absorbed in the
resin compared with the effect of an cibternal gamma source. The
latter is discussed later (chapter 6). The former was examined
by irradiating Deacidite FF resin nitrate loaded with uranium in

T™M HNO No noticeable differences appear, however, either in

3.
the extent of dissolution or in the formetion of products (Tables
4.17 and 4.18). The amount of uranium loaded was small (12mg. of

uranium per g. of resin).



Conclusion

The published literature on the effects of radiation on ion
exchange resins and polystyrene does not anticipate the extensive
damege to the polymer framework observed in the present
investigation. This underlines the necessity for a detailed
investigation of the effects of radiation on ion exchange resins
under process conditionss for example on pressure drop, exchange
characteristics, dissolution of the resin in process reagents,
and on the operation of flow systems. One important difference
between the flowing and the static systems is that in the former
the products of irradiation are removed from the irradiation zone
as they are formed. It would be useful to study the ¢ fects of the
removal of products on the radiation - induced decomposition of
ion exchenge resins. It is also necessary to study further the
mechanism of ilhe degradation of the resin on irradiation in TM
nitric acid. The first step in such a study would be to identify
the exact form in which the dissolved matter exists. Such
studies may eventually lead to synthesis of anion cxchange resins

which are more stable to radiation,



Chapter 5

Comma : rradiation of Deacidite J

5.1, Introduction

In the previous two chapters the results of irradiation
of strongpage resin Deacidite FPF were discussed. It was shown
that weak base groups were formed on irradiation of the strong
base resin and that the wea%ﬁéﬁ%ups themselves decomposed on
further irradiation. It was coﬁsidered therefore that a study
of the radiation-~induced decomposition of Deacidite J, a polystyrene
based weak base resin would be of interest, The irradiation of two
polystyrene based weak base resins, Dowex 3 and Amberlite IR-45
has been reported in the literature (1,3,9). Dowex 3 lost 16%
of its capacity at 35 Mr. (9), while Amberlite IR 45 lost 11% of
its capacity at 203 Mr.(3). Amberlite IR-45 was also found to
inecrease ia crosslinking. No detailed investigation of any weak
base resin has been reported in literature

The gtructure of Deacidite J was not kneown at the
time the work on the resin was started. It was considered to be
a polystyrene resin containing primery, secondary and tertiary
amine groups. It was latcr found (88) that the process of prepara—
tion of Deacidite J was briefly as follows. Polystyrene beads
crosslinked with a patented material equivalent to O.l% b.V.B.,

were chloromethylated and then aminated with tetraethylene
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pentamine.
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The resulting resin had 60% tertiary, 30% secondary and 10%
primary amine groups crosslinked across chains. This incrcasecd
the crosslinking of the resin to 8-9% D.V.B. equivalent. The
structure of th¢ resin is thus complex and this makes the interpre-
tation of the irradiation rcsults difficult. Decacidite J has
been irradiated as free base and in TM nitric acid.

He2. Experimental

The resin was supplied by the Permutit Co. as hydrochloride
with much excess chloride. The commer¢itl resin was washed well
with water and then with warm methanol to remove any organic impuri-
tics associated with the resin. It was then treatod with dilute

ammonia until no chloride was dcotected in the e¢ffluent. A large
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volume of dilute cmmonia woe neoedod to remove the last traces of
chloride. The resin was subsequently washed well with wetar.
The resin prepared by this procedure contained the weak hasc
groups as freec base and was irradiated as water slurry.

For irradiastions in TM nitric acid the free base resin was
first prepared. This was treated with 5 column volumes of TM
nitric acid and irradiated as a slurry in TM nitric acid. All
the irradiations were carcied out in test-tubes closcd with
ungreased stoppers. Some irradiations were done in the Harwell Spent
Fuel Element P ond.

Por measurcments of the exchange capacity of the unirradiated
resin the free base resin was converted to the hydrochloride by
passing a 4% solution of hydrochloric acid, then the resin was
washed with methanol to remove the excess acid, and finally the
weak base hydrochloride was hydrolysed with dilute ammonia. It
was found necessary to pass an inconvenicntly large volume of
dilute ammonia solution to complete the hydrolysis. This was
probably due to the presence of a small percentage of strong base
groups. Finally a little concentrated ammonia to destiroy strong
base groups or a 4% solutuon of sodium sulphate to convert streng
base groups to sulrhate was passed through the resin, which was
then taken to contain ouly week base groups. The chloride in the

amponia leach was determined by Veclhard's method.



The measurements of the exchange capacity of the resin
irradiated in wator were carried out by the s2me procedure, after
removing the supernatant solution and washing the resin. The
resin irradisted in TM nitric acid contained the weak base groups
as nitrate. After removing the supernatant solution, the resin
wes washed with 4% solution of nitric acid followed by methanol.
Subseyuently dilute ammonia was passcd through aﬁd the amount of
nitrate in the effluent was detcrmined by the redox procedure
previously described, (Scction 4.2.3. and Appendix 12).

The swelling capacity of the resin and the quantities of
basic products in the leach were measured.

5.3+ Results and Discussion

The results obtained in the irradiation of Deacidite J are
given in Table 5.1 and ¥ig.5.1.

When Decacidite J is irradiated in TM nitric acid, the
loss of weak base capacity with dose is nearly exponential.
Nearly T0% of the capacity is lost at about 200 Mr. while at about
500 Mr. there is little capacity left. No formation of strong
base cwpacity is observed. This is to be expected, since the weak
base groups cannot be converted to strong basc groups. Surprisingly,
however, no amines or ammonia have been detected -in the Jmch. There
arec three explanations for thiss Pirstly, the nitrogen of the weak
base groups are &till attached to the resin not ag amino groups

but in some other form which docs not have exchange properties.



Table 5.1

Irradiation of Deacidite J: Variation of Exchange

and swelling capacities of the resin and the basic

products in the leach

i€z

Conditions

Dosel Weak I\TH3 Vol Swelling { Final |
of Mr. Base | ;. atile | _ Copscity | weight |
Experiment camacity the Base g of{mlof g
neq/ g leacn meA&H,O jwet :
meq/ g pérg resiv
of lperd.
j dry ;of
resjn/ dry
ol L TESIR
Unirradiated Nil | 6.62 - - 10.5711.33} -
Nil 6.53 - - - - -
Nil {6.55 - - - - -
Trradiation 99 |%.51 Nil} Nil [OB7L{1.17[1.41
of resin in TM
nitric acid 400 {0.54 Nil! Nil {0.247{0.99:1.214
560 |0.345 | Nilj} Nil j0308{1.04|1.%¥L
1000%*}0,28 Nily Nil | 0.617 |1.37{05516
Irradiation of 6212|3.7 0.8%{0.895| 0358 {1.18}1.,912
free base resin v )
in water 1000713.9 1.5 {1.47 {0347 |1. 24| 0762
¥ Harwell irradiations
(a) ©Nitrogen in the volatile distillate = 0,895 meqg/g
Nitrogen in the leach = 1.1 meqg/g
(b) Nitrogen in the volatile distillate = 1.54 meq/g
Nitrogen in the leach = 1.71 mea/g
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This is unlikely. Secondly, nonvolatile basic products arc
present in the leach. Thesc would be difficult to observe.
Thirdly, primary amino groups present on the resin as well
as in the leach react with nitrous acid to give nitrogen which
escapes undetccted, but ho gas analyses were attempted.

Vhen Deacidite J is irradiated as free basce in water,
the rate of fall of exchangce capacity with dose is much lower.
Only about 40% of its capacity is lost at 1000 Mr. The only
basic product detected in the leach is ammonia. The methods
used for the onalysis were those developed for the estimation of
methylamines. Ethylemines might be expected from the irradiation
of Deacidite J, considering the structure of the resin. From the
nature of reactions involved in the znalytical procedurcs, it may
be argued that the procedurcs mey be applicable to the cstimation
of tri- a2nd diethylamines also. The method of estimetion of methyla-
mine has been avplicd with cqual éuccess to ethylamine (48).
Further, the Kjeldahl nitrogon values for the volatile distillate
and for the leach solution agrec with the volatile base (by
titration) and ammonia estimations. Hencc thc possibility of ths
existence of any nitrogencous product other than ammonia in the
leach in significant guantitics can be ruled out. The values
obtained for aumonia are less than the loss in weak base capacitys
The formation of gascous nitrogeneous products mav be a possibility.

The formation of ammonia can be explained by the following sequence
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of reactions:

R - ﬁCHg-

feu, . --> ROH 4 NH

2 3

—> R - NH ~% R - NH
\CH2"

It is not possible to correlate the results obtained with

Deacidite J with those obtained with Deac@i-2 FF. The wcak base

groups of Deacidite J are similar to those of irradiated Deacidite FF

only to the extent that the same R ~ CH2

in both the resins and so two types of chemical effects of radiation

CHo™
- N\’ 2 linkage is present

are possible in both the systems: (1) conversion of tertiary to
secondary and then to primary aminec groups on the resin and finally
to ammonia. (2) decomposition of tertiary and secondary amine groups
on the rcsin to give secondary and primary amines cnd ammonia in the
leach., In the case of Deacidite J the fact that the amine groups
crosslink across chains is a new factor in deciding the relative
extents of these two types of reactions as well as in initiating
new reactions.

The swelling measurements of the unirradiated Deacidite J show
that it is more crosslinked than 8% D.V.B. cquivalent. When it is
irradiated in free base form in water, it becomes further crosslinked.
When it is irradiated in TM nitric acid, it appears to get further
crosslinked up to 500 Mr., but =t higher doses the crosslinking
decreases. It is of interest that no significant dissolution of the
resin or serious demege to the polymer structure has occurred when

Deacidite J is irradiated in TM nitric acid. It appears that the



presence of strong base groups in Deacidite FF makes it highly

susceptible to degrazdation when irradiated in TM nitric acid.

[
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Chapter 6

Gamme and Alpin irradiations of Zeancarbh - 229

6.1. Introduction

In the previous chaptors the gamma irradiation of anion
exchange resins has been discussed. It wos considered that a study
of the effects of alphe radiation on these resins might lead to a
better undcerstanding of the mechanisms for radiation-induced damage
and also would be of value in interprcting the gamma results for
plant problems where much damnge would be due to alple and beta
emitting isotopes absorbed on the resin.

Irrcdiation through plutonium or americium absorbed on to the resin
-w.8 considered. The -~bsorption of pluvonium by cnion exchonge resins =»a
nitrate complex is well known(28), but the radiation dose rcceived
by the resin is only of the order of 60 megorads per month. The
use of americium is attractive, since the half~life is about fifty
times less than that of plutonium -~ 239. However, the only known
cnionic complex of americium suitable for loading the element on an
anion exchange resin in appreciablec quentities is the thiocyan-te

complex (89,90). The thiocyannic ion, however; is re~dily

decomposed by radistion(90) ~nd this hns nlso been
obscived in thoe preseat woske It g preferable

to use an anionic complex of emericium which is steble to radiation,
otherwise the americium will be lost from the resin due to decomposi-

tion of its complox as well as from loss of resin functional groups.
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In view of these difficulties it was decided to0 study
the decomposition of the cation exchanger, Zeocrrbd 225, contalning
sulphonic acid groups attached to thé polystyrene - divinyhenzene
copolymer irradiated by both alphs and gamma radiations. Irradia-
tion of Zeocarb - 225 with alphe particles from obsorbed americium
241 has been carried out up to 8000 Mr., while the Co0-60 gamma
irradiations have been performed up to 1400 Mr.

6.2. Experimental

The resin used was 8% crosslinked with divinylbenzene and
of 100 - 200 mesh size.

Fig.6el. Structure of Zeocarb -~ 225
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6.2.1. CGamma irradistion of Zeocarb - 225

The sodium and hydrogen forms of thc resin were irradiated
as slurry in water in test-tubes closed with ungreased stoppers.
The resin was prepnred fér irradiation by loading the
commercially available sodium form of the resin onto a column,
washirg with hot mcthanol to remove organic impuritics, followed
by water. Subsegquently about twenty column volumes of 4% sodium
chloride solution werec passed through the column and the resin was

then washed with water until free from chloride. The sodium form
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of the resin, so prepared, was stored in water prior to irradiation.
The hydrogen form of the resin was prepared immediately before
irradiation by passiég 4% hydrochloric acid through the sodium
form of the resin and washing thoroughly with water. TW§
iria¢iations were done in the Harwell Spent Fuel Element Pond and
thé rest with the Laboratory Cog60 source.

| Hfhe resin slurry was fildered after irradiation and the
filtrafe and the washings wefe made up to a known volume. The
leach solution was analysed for acidity and sulphaté concentration,
Acidity was determined by titration against standard sodium
hydroxide using methyl orange as indicator. In one case the titra-
tion was répeéted by the use of pH meter to differenciate the
strong acidvand any weak acid that may be present in the leach
solution. Tse procedure used fof the astimation of sulphate
%n the leach.was an adaptation of the method desoribed by_Kolthoff
LQl). Sulphate was precipitated with a known excess of barium chlo-
ride and the excess barium was iA turn precipitated with a known
excess of cthmatef ?he excess chromate was determ?ned by
reading the oPtical dehsity at 37q§bL.‘,The method was sensitive
tq millimolar solqtioﬁs of sulphatq. ‘The_details of the procedure
and the calibration_gggph are given in Appgndix 1}.»

After removal of ﬁhe leach solution the,ir:adiated resin

was converte& to the hydrogen form by passing 4% hydrothoric acid.

*
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The strong acid capacity of the hydrogen form of the resin was
determined by passing a 4% solution of sodium sulphate and measuring
the acidity of the eluate by titrating against standard alkali
using methyl orange as indicator. The resin was then washed well
with distilled water and allowed to equilibrate with excess of
0-1N¥ sodium bicarbonate solution for two days. The excess sodium
bicarbonate was determined by titrating against standard hydrochloric
acid using methyl orange as indicator. The amount of bicarbonate
reacted gave the value of the carboxyl groups present. The resin
was again washed thoroughly with distilled water and allcwed to
equilibrate with excess of 0.1 N sodium hydroxide solution for
two days. The amount of sodium hydroxide reacted gave the value
for the rhenolic groups. The resin was then washed with water and
dried at 105%; overnight in an oven. The strong and wesk acid
capacities of the resin were expressed as millrequivalents per
gram of the dry resin.

The weight swelling and the volume swelling capacities of the
irradiated resin were determined by the procedure described
in Appendix 9. In two cases the percentage luss in weight of the
resin during irradiation was determined by taking a known weight
of dried sodium form of the resin for irradiation.

6.,2.2, Alpha irradiation of Zeocarb — 225

The irradiation was carried out by the alpha particles emitted

from americium - 241 loaded on to Zeocarb - 2:<5.
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Am.241 has a half life of 458 years and a specific activity of
1.20 x 108 d/sec/mg . It emits 5.46 Mev alpha particles and the
gamma rays are mainly 60 ke photons. Am - 241 is a material of
very high toxicity. The hazard is mainly one of ingestion as the
element is fixed on the bones. Taking this into account and the
half-life the maximum permissible body burden of Am-241 has been
fixed at about 10—8g. Americium was therefore handled in a glove
box; the internal pressure of which was maintained below atmosphere
so that there was no tendency for vapour or dust to lmk out.

A11 maripulations were carried out using rubber gloves. The
glove box used is illustrated in plate 6.1.

The range in air of the alpha partiéles is only a few
centimetres and they are stopped by a sheet of paper. The external
hazard of americium - 241, therefore, does not narise from the
alpha particles, but is due to the 60 kev gamma radiation. Since
the energy of the gamma rays was low, a thin sheet of Imd (4mm)
provided adequate shielding for 200 milligrams of americium. Film
badges and pocket ionisation chambers were worn on the body
and on the wrist to measure the integrated dose received during the
handling of americium.

Preparation of resin for iwrcadiation

200 milligrams of the black americium oxide obtained from the

Oak Ridge National Laboratory, U.S.A., were dissolved in 25 ml.
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of 10M nitric acid with slight warming under =n infra-red 1am§

in the glove box. The amount of americium in solution was deter-—
mined by putting a suitable aliquot of the sodution onto a flat
stainless steel disc(planchet), evaporating the solution to dryness
under the infra-red lamp and measuring fthe alpha activity using

a scintillation counter (Appendix 14).

A weighed amount of dried Zeocarb — 225 (sodium form) was
converted to the hydrogen form by treatment with acid. 10 ml. of
americium solution containing 85 mg. of americium in 10M nitric
acid were left in contact with the resin for about four hours with
occasional stirring. The supernatant solution was then removed
and the resin was washed with 0.2M hydrochloric acid. The super-
natant s>lution and the washings were assayed for americium and it
was found that 0.4 me . per g.dry resin of americium were abscrbed
by the resin. It was considered that the high acidity of the
americium solution might be responsible for the complexiag of
americium and consequent low absorption by the resin. The acidit?
of the americium solution was therefore decreased to about 1 M by
precipitation of americium hydroxide and dissolution in 1M nitric
acid. This americium solusion was employed for loading americium
on another sample of resin in the manner descreibed above. It
was found that the amount of americium loaded was about 3 meq. per

g. of dry resin, i.e. 70% of ths theoretical capacity . The
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golution in contact with the resin was kept free of nitrate to
avoid the presence of nitrite that would be produced from nitrate
during irradiation. It was maintained slightly acidic to avoid the
hydrolysis of americium that would be liberated from the resin during
irradiation. The surface of the resin was just covered by the solu-
tion and 0.2M hydrochloric acid was added periocdically to make
up for the loss of water vhich was mainly due to radiation-induced
decomposition and partly due to evaporation. The same procedure
was adopted for preparing other samples of americium loaded resin
t0 be irradiated to different doses.

In one case americium was loaded on the resin placed in a
column of cross—scctional area of 0.07Cm? by passing a solution
of americium through the resin. The column was stirred to ensure
uniform distribution of ameriéium. This procedure improved the
loading capacity by about 20%, but the resin column was continually
breaking up because of gas evolution.

Calculation of dose

The dose recegved by the resin was calculated on the
essumption that 2ll the energy of the alpha particles cmitted was
arsorbed by the slurry of the rcsin in 0.2M hydrochloric acid.
This assumption is based on the calculation that the size of the
smallest resin particle is 6.3 x 10_3cm.(200 mesh size) while the

3

range of alpha particles from americium - 241 is 3.07 x 10 “cm,



(see appendix 15). Since the range of alpha perticles is comparable
to the size of the resin particle, it becomes necessary to take

into account the amount of 0.2M hydrochloric acid present in the
voidage of the swollen resin pérticles. That is,the apparent

volume of the wet resin in the centrifuge tube should be known

as accurately as possible. It was found that 0.1005g. of dry resin
occupied a volume of 0.2178 ml. as a slurr& in water when placed

in a tiny column of 0.0?cmg cross sectional ares . Thls relationship
was used to calculate the apparent volume of other samples of resin.
The density of the resin slurry was taken as unity. The details

of the calculation are given in appendix 16.

Treatment of resin after irradiation

The irradiation of the resin was terminated by removing americium
from the resin. Prior to the removal of americium from the resin
the supernatant solution was removed and the resin was washed with
0.2M hydrochloric acid and subsequently, with water. The superna-
tant solution and the washings were together assayed for americium
liberated during irradiation. The solution was then passed through
a Zéooarb ~ 225 column to remove americium. The effluent was
collected, and analysed in a fume cupboard for sulphate by the procedure
given . in appendixl3.

The irradiatcd resin was treatcd subsequently with portions

of 5M ammonium thiocyanate solution to remove the americium. A



thin window gamma counter (type 255) used from outside the glove

box showed when the americium was removed from the resin. An assay
of americium in the 5M ammonium thiocyanate solution was carried out.
The sum of the americium in the supernatant and the S5M ammonium
thiocyanate solutions agreed with the amount of americium loaded

on to the resin. The resin was then washed with water and taken

to the fume-<hood. The rcsin contained only traces of americium
(about 50 cts./soc. with the thin window gamma counter). The strong
and weak acid capacitics as well as the swelling capacity of the
resin were determincd by the methods described for the gamma irra-
diated resin. As there was no oven in the fume-hood, the resin placed
in a sintered filter was dried at 105Oc in a test-tube immersed in

a bath of salt water until of coustant weight. Thc cxchange and
swelling capacities of the resin as well a2s the sulphete and the
americium in the lecach solution were expressged in terms of the

final weight of the resin.

The ammonium thiocyanate solution containing americium was
passed through a Deacidite FF column previously conditioned with
armonium thiocyanate. The loaded americium was eluted with G.1M
hydrochloric acid, precipitvated as hydroxide and dissolved in 1M
nitric acid. Ammonium thiocyanate solutions containing amcricium
decomposed rapidly under the alpha radiation to yeld colloidel
sulphur and j4 was, therefore, necessary to remove ammonium

thiocyanate completely from americium solutions as rapidly as possible.
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6.3.Results and Diiscussion

The results obtained in the gamma =and alpha irradiations
of Zegocarb -~ 225 are given in Tables 6.1 and 6.2 and Fig.6.2
and 6.3,

It may be seen that both in the case of gamma irradiation
and in the case of alpha irradieation the sulphonic acid group is
split off from the resir resulting in a decrease in the strong acid
capacity of the resin and production of sulphate ions in the leach.
This observation agrees with the results obtained by other
workers (1,3,8,15,23,25), who have irradiated different sulphonic
acid resins with gemma rays and fest electrons. The work reported
here is the first systematic study of the effects of alpha
particles on ion exchenge resins.

The rate of loss in strong acid capacity of Zeocarb - 225
irrediated with gamme rays is greater for the hydrogen form than
for the sodium form. The values obtained for the capacity loss for
the gomme irradiation of deocorb — 225 arc in agreement with those
reported by Kiseleva et.al. (15) for the polystyrene sulphonic
acid resin KU-2. The capacity loss is less, however, for the
americium - 241 alpha particle irradiation. Whilst it is difficult
to estimete an error for the alpha irradiation dose, it is unlikely
to be greater than 20% and so the effect of alphas is undoubtedly

less then from gammas. It might be due to the action of alpha



Izble 6.1,
Gamma Trradiation cf Zeocarb 225

Veriation of Fxchenge and Swellins Capacities of the resin and

the yield of products in the leach.

=

~l
i

Condit - ment. D Exchangq_gapacigy meq./g. Swelling capacity. | Products in Final
itions o xperiment. 0SE€ - = e — — 1 oo i 3 -
enaibions P fir, |-SO,H [-COE ~OH it.of H 0| Vol.of wet oo 1fgchf?mﬂe/gf velght
; o resin E ; 50y, \ o
g2./Le fml./g,. ' I
Unirradiated nil 4,27 nil nil 0. 94 b 1,52 - - § -
| .
inil %ok3 nil nil - 4= - - J -
e : 44 - s
98 | L.k - - 0.96 1. 54 Poe 0.10 | 2.379
Irradiation of scdium ! i
forn in wator: Sy | 3.6 0,10 0.17 1.0% 1.66 | 0.15 0,86 ! 1.773
100C*} 3.2 0.11 0.2%4 1.06 1.69 0.28 1,26 ' 1.061
1400 | 2.2 0. 14 0.35 0.99 - P02 l.47 ! 1.1846
'L @
i ’ |
Irradiation of hydrogen | 440 | 3.5 i 0.09 0.15 1.31 192 Y 0.77 f 1-862‘
form in water. 735 | 3.3 1 0.13 0.20 - - 2.57 1.1 i 1,357
1000%9 2.7 0,10 0.20 1.09 1,73 2,85 1.43 | 1.115
i ; :

AHarwell Irradiations.

1. Loss in weight = 12.6%
2. Loss in weight = 19%.



flpha Zrradiation of Zeocarb 225 3 Variation of Exchsange

end Swelling Capacities of the resin and the yield of

products in the leach.

Dose- Amount of amevicium losded | imericiuam in Weight loss | Swelling |Exchiage capac-]
rate |Dose | : 1 the leach. 4 weight 1ty 129./g. S0
Loaded!Superna- | t:2n value Initial | Final {Loss | g-of H,0 + .
Mr/day Mr. mg. :tant + Wha wt. [in wt.| per g.“of -Soqﬂ-CQH -0H Immole
KH, CHH ng.| neq./g.] mg.!imeg./ge. g g % dry resin > '
sotutior ; per g,
IEs |
- nil - - - - - - - - - 0.9% | %3!/nil|nil| -
100 11300 | 4,9 | 43,9 | Uk.4 2,97 4,03; 0.31 | 0.186 | 0.16%|11.8| 1.1 ; 3.610.7 { 0,351 0.5
14, 51 2070 6.0 6.6 6.3/ 0.143 0.27] 0,02 | 0,182 | 0.159 112.8| 1.35 | 3.I]0.39 0.51] 0.91
101 {2130 33.4 34,2 33.8] 3.02 5.6 0,55 0.1393 0.126#. 9.3 l.25 3.4 0 41 048] 1,18
|
121 |3520% | 27.3 31.0 | 29.2] 3.62 |10.1} 1.b% | 0.1005| 0.0871 13.3 1.03 2.52f 0,75 0.37] 1.67
87 {6000 | 36.2| 33.8 |35.0{ 2,58 9.5 0.82 | 0.1687 | 0.1u48 1%.2{ 1,02 2,0 1 0,52/ 0.71] 1.70
92 {7870 | 31.0| 29.0 | 30.0! 2.72 7,11 0.8 0.1371 | 0.1110 19 1.15 182 0 44 0.76] 1.96
| i

% . . . . .
Americium wes loaced on the resin placed in a columne.



181.

IRRADIATION OF ZEOCARB = 225
VARIATION OF STRONG ACID CAPACITY WITH DOSE

Fig-6.2

o
®
1

© ,¥ -irradiation, H form

meq-/ g-

x ,Y-irradiation, Na form

+
o
(3

e ,x-irradiation

CAPACITY
w
N

STRONG .. ACID
&

087

1000 2000 3000 4000 5000 6000 7000 8000

?

DOSE * WM



mmole./ g-

CONCENTRATION

IRRADIATION OF ZEOCARB - 225
YIELD OF SULPHATE
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particles being different or to a greater stability of the americium
form of the resin. It would be useful to study the effect of gamma

rays on some rare earth form of Z eocarb-225 in 0.2M hydrochloric

acid. In this connection it may be noted that Dowex - 50 loses 0.5 meqf’
g-of the capacity after exposure to Pu-239 at a saturation of 130

grams of plutonium per Litre of resin for a period of 470 days (32).

From this data the capacity loss of Dowex-50 at about 1200 Mr.

would be expected to be about 0.5 meq/g. This value is in agreement
with the present results.

In the gemma irradiation as well a2s in the alpha irrsdistion of
Zeocurb-225 some carboxyl and phenoclic groups are introduced into
the resin. This observation has been made by Kiseleva et.2l.(15)
also in their study of the effects of accelerated eléctrons on
Ku-2.

The amount of sulphate in the leach accounts for most of the loss
in strong acid capacity. When the loss in weight of the resin is
token into account, it appears that some sulphur must be present
in some other form. This is observed in both the gemma and alpha
irradiations of Zeovcarb - 225 and similar results have been
quoted in literature (8,23,25). It mey be seen (Table 6’41.) that
the concentration of sulphate agrecs with that of acidity in the
leach of the hydrogen form of the resin irradiated with gomma rays.
This seems to indicate that thers is no other sulphur containing

acid like sulphonic acids present in significant quantities in the
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leach, Also, potentiometric titration of the leach solution of
the hydrogen form of the resin irradiated to 1000 Mr. do® mwt reveal
the presence of any weakly dissociating acid.

Vhen Zeocarb -~ 225 is irradiated with americium alpha
particles, the amount of w.gricium liberated in the leach owing
50 the loss of functional groups is less than the amount of
sulphate produced. This is due to the fact that the resin is not
completely saturated with americium to stert with and so the
liberated americium is rce-absorbed by the resin, This is borne out
by the obeervation that the largest discrepancy arises with the
smallest amount of americium loaded and vice versza. The alpha
irradiation of the resin at about 2100 Mr. has been carried out
at two dose-rates differing by a factor of seven. It appears
that there is no significant dose - rate effect.

The mechanism of the radiation-induced decomposition of the
sulphonic acid resins has not been discussed in detail in the
literature. Pesek,Krivanek and Bednar (25) as well as Kiseleva ot.
6l.(15) consider that the disruption of the sulphonic acid group
is o primery radiation effect. Swallow and Kamal (92) have
irradiated 1O~3M aqueous solutions of benzene sulphonic acid and
have obtained G = C.98 for the production of sulphote in the
presence of oxygen at a pH of 3.4. They found that the yield of

sulphate was lower in the ahsence of oxygen and in neutral pH.



In the present investigations G values of 1.44 and 1.1 for the forma-—

tion of sulphate have been obtoined for the gamma irradiations of
the hydrogen and the sodium forms of zeocarb - 225 raspectively
and a ¢ value of 0.54 has been found for the alpha irradiation of
the resin. Since the primary radiation effect is negligible in
the dilute solutions msed by Swallow end Kawel, they have suggested
the following charge transfer mechanism Pased on the mochanien
proposed for the radiolysis of bengoi¢ 2cid (93):

H20 oy Hay .OH,H2, HQOQ_

-SO + .OH __>C6H5,803+0H

%6t
.50 ¢ H: + 50
C6ts 303 —> Cglls T3
SO3+ HZO-—§HZSOAr
-OH
C, H: + ,0H =3 CHg
6H5 +CH —Cgfls = Cgls
657765
This e#HalnS also the formation of phenolic groups and
. In the presence of oxygen the following set of reactions
dimers.
ces the yield:
enhan
He + 0, - HOS
; ._A, T b s .

The mechanism of the radiation-induced deconmposition of
Zeocarb -~ 225 can be explained by a similar set of free radical rea-
ctions,

The observation that the decomposition is less in the case

of alpha particles also shows the existence of an indirect action.



Car&ing out irradiations of the dry form of Zeocarb- 225 with gamma
rays would be helpful to decide whether the mechanism is an
entirely indirect one. The introduction of phenolic groups may be
explained by the attack of OH radicals. The mechanism of the
formation of carboxyl groups is not clear. It may be noted in this
connection that mucondialdcehyde has been found in the alpha particle
irradiation of air-free ageow benzene, and its presence under those
conditions was probably & secondery consequence of the formation
of oxygen by the radiations rather than a consequence of reactions
occurring under conditions of high local radical concentration(94).
Several workers hrove reported a reduction in crosslinking of
sulphonic acid resins when irradisted (8,23,25). In the present
investigations the decrease in crosslinking is found to be only
slight,; when Zocarb - 225 is irradiated with gamma or alpha

radiations.
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Appendix 1

Dosimetry Calculations

The dose received by the Fricke dosimeter was
calculated as followss
Optical density 0*D. = E x Cx 1, where E = extinction
coefficient, € = concentration of ferric ions in moles
per litre and 1 = tﬁickness.of solution in cm.
For 1 cm.optical cells 0+D-= EC
Assuming that the value of E at 209 is 2115 and that
0+D- decreases by 0+7% per °C above 20° C,

¢ = 0+D (1--0-007%)
2115

where t = tcemperature of the sample in °C minus 20°C

GFF,L15-5 molecules per 100 ev
e\‘i

o+ Dose absorbed = 6-025 x 1020

155
= 388 x 10°1¢ ev/ml.

x 100 ¢ ev/ml.

Assuming the deunsity of the solution as unity,
Dose absorbed = 3.88 x 1021 ev/g.= 6.24 x 107C r ds
Substituting the value for C,

Dose absorbed (r®d) = 2.94 x 104 (1-0°007t)0-D.



Lppendix 2

Procedure for the determination of nitrite

Reagents required

(1) 5M hydrochloric acid

(2) 0+2% solution of sulphanilamide

(3) 0.5% solution of ammonium pulphenatc

(4) 0°1% solution of N--l-naphthylethylenediamine

dihydrochloride.

Procedure

Pipette 1 ml. of nitrite solution into a 50 ml. standard
flagk and add about 30 ml. of distilled water. Add 1 ml.
of 5M hydrochloric acid followed by 5 ml. of sulphanilamide
solution. Wait for three minutes and then add 1 ml. of
ammonium sulphamate solution. Wait for a further 2 minutes
and add 1 ml, of the N-l-naphthylethylenediamine dihydrochloride
solution. Make up to the mark and read the optical density at
540 mM after ten minutes against a blank. Read the
concentration of nitrite from Jig A.1l.

The method is reprndu~ible 10 © 2%,
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Appendix 3

Volhard's method of estimation of chloride

Pipette 10 ml. of the chloride solution into a
coy ical flask. Add 5 ml.of 6N nitric acid. Add 10 ml.
of standard 0.1N silver nitrate solution to precipitate
the chloride., A4dd 2—3ml. of nitrobenzcne and shake well.
Add 1 ml.of indicator solution (about 40% solution of
ferric ammonium sulphate) and titrate +the excess silver nitrate
against standard O¢<IlNammonium thiocyanate solution until a

permanent red colour is formed. The method is reproducible to 311%»
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Appendix 4

Procedure for the determination of trimethylamine

Reagents required

(1) Shake commercial 37% formaldehyde solution with
MgCO3, filter and dilute with three volumes of water.

(2) Analar tolucne

(3) 50% potassium carbonate solution

(4) 0°02% picric acid in dry toluene.
Procedure

Dilute an aliguot #ninc sample to 4 ml. in a separating funnol .
Add 1 ml. of the formaldehyde solution and then add 10 ml. of
toluene and 3 ml, of potassium carbonate solution. Stopper
and shake vigorously 30-40 times. Dry the toluene layer with
anhydrous sodium sulphate and add 5 ml.of the dried toluene layer
to 5 ml.of picric acid solution. Measure the yellow colour at
410 m}x against a blank. The calibration graphs for the tri- ond
dimcthylamines are given in Fig A.2.

The method is reproducible to within = o
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Appendix 5

Procedure for the determination of dimethylamine

Reagents required

(1) Prepare a reagent solution by dissolving 20g. of
ammonium accetate and 0.2g. of copper sulphate in
30 ml. of water. Add 10g. of sodium hydroxide in
25 ml.of water anl 20 ml. of concentrated ammonia,
and dilute to 100 ml. with water.
(2) 5% solution of carbon disulphide in henzane
(3) 30% acetic acid.
Proccdure
To 10 ml, of sample solution add 1 ml.of reagent solution
and 10 ml.of 5% carbon disulphide solution. Warm to 43-48°C for
3 minutes, stopper and shake vigorously for 30 seconds. Add 1
ml.of 30% acetic acid and shake again for 30 seconds. Cool and
centrifuge. Measure the colour &€ the organic layer within an hour
at 434 mj& against é blank. Read the concentration of
dimethylamine from Fig.A.3.

The method is reproducible to within X 5%
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Appendix 6

Procedure for the determination of methylamine

Reagents

required

(1)

(2)

(3)

Dissolve 0.5g. of p-nitroaniline in 100 ml. of 1N
hydrochloric acid and cool to 0°c. Add 10 ml. of

3% sodium nitrite solution previously cooled in ice.
Prepare this solution 30 minutes before required and
store it in a dark place. Use it within three hours
of preparation.

Prepare a buffer solution by dissolving 4.08g. of
potassium dihydrogen phosphate and 1.6g; of

borax in waters add 13 ml. of 1% sodium hydroxide
solution and make up to 100 ml.

10% sodium hydroxide solution.

Procedurs

202,

Add 10 ml. of buffer solution to 1 ml. of neutral or slightly

acidic amine scolution. Sheke and cool in ice for 10 minutes.

Add 1 ml.
and then
‘cocled in

against a

of reagent solution. Wait for 20 minutes

add 2 ml. of 10% sodium hydroxide solution previously

ice. Read the colour developed after 24 hours at 510 mj&.

blank. The calibration graph is given i~ Vig b4,

The method is reproducible to ¥ 10%.
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Appendix T

Procedure for the determination of ammonia

Reagents required

(1) Ssaturated boric acid solution

(2) Froshly prepared chlovine water

(3) 8% phenol solution

(4) 3M sodium hydroxide solution
Procedure

Transfer 1 ml.of ammonia sample to a 50 ml, standard flask.
Add 25 ml. of boric acid solution, then 5 ml, of saturated chlorine
wator followed by 5 ml. of phenol sclution. Heat on a steam bath
for 3 minutes, remove and cool in iced water. Add 5 ml. of
sodium hydroxide solution and dilute to volume. Measure the
colour developed after 5 minutes at 625 mﬁ»-against a blank.
Read the concentration of ammonia from Fig.A.S.

The method is reproducible o 2 5%.
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Appendix 8

Kjeldahl's method of determination of nitrogen

Transfer & suitable aliquot of the sample to a Kjeldahl
digestion flask and add 1 ml. of concentrated sulphuric acid
followed by approximately 10 mg. of selenium. Heat the
solution and allow to digest for 20 minutes. Cool the solution
and dilute with about 5-10 ml.of distilled water. Connect the
flask to the distillation apparatus. Add to the solution in the
flask approximetely 20 mls. of 50% sodium hydroxide colution and
stecam distil into 25 ml. of standaard O0.1N hydrochloric acid. Titrate
the excess acid against 0,1N svdium carbonate sclution using
methyl rcd indicator.

The method is reproducible to % 5%.



Aggendix'g

Determinetion of swelling capacity of the resin

(a) Determination of swelling weights

Allow the resin sample to stand in water overnight.
Weigr a sintered filter (see Pig.A.6.) dry. Soak the filtér in
water, place it in a centrifuge tube, close it with rubber stopper
and centrifuge for 30 minutes at a speed equivalent to 400 g.
Weigh thie moist filter tube after centrifuging. Transfer the
rosin slurry into the filter tube whose moist and dry weights
hare been determined. Closc the tube with a rubber stopper,
plasze it in a centrifugc tube and centrifuge for 30 minutes. Weigh
the *ubc and the moist resin. Dry the resin along wiih the tube ot
10500 overnigh®% in an oven. Weigh the tube and the dry resin.
From th: 7alues obtained for the moist and dry resins, the amount
of water associated with the fully swollen resin can be calculated.
The methol is reproducible to ¥ 54,

Calculations

Examples

Weight of moist filter %tube = T7+2044g.

Weight of moist resin + filter tube = 8°7222g.
+'« Weight of moist resin = 1.5178g

Weight of dry filter tube = 7.L'[56g.

Weight of dry resin 4 filter tube T«G570s

+ o Weight of dry resin = 0.7814 .

Weight of water = 1.5178-0.7814 = 0.7364 g

O.942g/gaof dry resin.
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Appendix 9 (cont.)

(b) Determinatiqn of swelling volume

=== A sample of resin, the swelling weight of which has been _
determined, is allowed to soak in water overnight. Transfer
the swollen resin into a 10 mlsspecific gravity bottle, fill it
with water, fit the stopper, wipe off the overflowing water
and reweigh the bottle. Transfer the resin to a sintercd filter,
dry it at 10500 overnight and weigh the dry resin. Fill the
specific gravity bottle with water alone and weigh it.
From hese measurements the volume of wet resin could be

caleulated. The method is reproducible to ¥ 5%

Caleulations

Egample:
Weight of dry resin taken = 1+0168 g.
Swelling weight T 0.942g/g. of dry resin
s » Weight of moist resin = 1.97 g-
Weight of specific gravity bottle filled with water = 20.1818g
Weight of specific gravity bottle filled with water and
resin = 20.6085 g

¢« o Weight of water overflowed
= 1.54 g-
1.54 ml.

1.52m)/g. of dry resin

e » Volume of wet resin



Appendix i0

Determination of vranium using thiccyanate

Take a suitable aliquot of sample in a 10 ml.volumetric
flask and dilute to 5 ml. with distilled water. AdJust the
acidity of the solution so that the final pH will be in the
range 1-2. Add a drop of stannous chloride in hydrochloric
acid, then 2 ml, of 50% ammonium thiocyanate solution and
make up to 10 ml. with distilled water. Mix thoroughly and
allow to stand for 10 minutes. Recad the absorbance at 220 Q}ﬁ
Calculate the concentration of uranium by comparing the optical
density with that obtained using a standard solution of uraniun,

The method is reproducible to % 5.

210,



Appendix 11

Procedure for the determination of nitrate by

a colourimetric method

Reagents required

(1) Acetic acid solution. Dilute 20 ml.of glacial acetice
acid to 100 ml.
(2) Powder mixture. Take 100 g.of BaS04 dried at 110°C,
10g. of manganous sulphate monohydrate, 2g. of finely
powdered zinc, 5g. of powdered citric acid, 4g. of sulpha-
hilic acid and 2g. of l-naphthylamine. Grind any coarse
materials to a fine powder. Mix the manganous sulphate,
powdered zine, sulphanilic acid and l-naphthylamine
separately with portions of BaSUj. Then mix thoroughly
2ll the ingredients including BaSO4 and citric acid. Store
the powder in a blackened bottle.
Procedure
To 1 ml. of the sample in a 12 mlscentrifuge tube, add
9 ml, of the acetic acid solution. With a2 small scocop add 0.3 to
0.5 g.of the powder reagent, stopper, shake for 50 to 60
seconds, and centrifuge until the supernatent is clear. Decant
the white film on top and measurec the colour at 520 ms% agains’
& blank. Read the concentration cof nitrate from the calibration
graph given in Fig.A.T.

+
The method is reproducible to = 10%.
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Appendix 12

Red-ox method of nitrate estimation

Transfer a 10 ml-aliguot of the nitrate sample to a
conical flask. Add 10 ml. of ferrous solution (55g. of pure
Feso4.7H20 dissclved in 100 ml,of weter containing a drop of 50%
sulphuric acid and diluted to one litre with 50% sulphuric acid)
followed by 10 ml. of concentrated sulphuric acid and some beoiling
stones. Stopper the coniecal <flask with a Bunsen valve and beoil
the solution gently for 3 minutes when the colour changes from
brownish viclet to clear yellow. Cool under the tap, when the

rubber tube in the Bunsen valve collapses. When the sclution is

’
/

cooled, remove the rubber stopper snd add 1-2 ml. of }MuSO% pilosplioric
acid and 50 ml. of water. Cool the mixture again. Add 2 drops of
0.025M feiroin indicator solution and titrate with standard 0.1N
potassiuvm dichromate solution to the end point when the soluticn

changes colour from brown to biue--green. Carry out a blank determination.

The method is reproducible to = 3%.
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Appendix 13

Procedure for the estimation of sulphate

Reagents required

(1) 1v HC1

(2) 0.4% BaCl, solution

(3) Standard KpCr04 solution containing 0.867g- of KoCrOy

in 100 ml, of solution.

Procedure:

Place an aliquot of the sulphate solution in a conical
flask and make up the solution to about 5 ml. Add 1.5 ml.of
1N hydrochloric acid. Heat the solution fo boiling and add slowly
2 ml. of the barium chloride solution. 3Boil and digest the
mixture for 2 hours on a steam bath. Add carbonate-frec ammonia
until the solution is just basic (test with litmus paper), cool
and add 1 ml. of the potassium chromate solution. Mix the
solution, filter and wash the precipitate. Make up the filtrate
and the washings to 100 ml. and measure the optical density at
370 Q/A against a blank reagent solution obtained by carrying
out the precedure using water instead of sulphaie solubtion. Read
the concentration of sulphate frow the czlibration graph given
in Fig.A.8.

The method is reproducible. to & 3%.
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Appendix 14

Scintillation Counter

The scintillation counter of Type No.1335B made by
Fleming Radio (Developments) Limited was used in conjunction
with scaler 1700 made by Isctope Developmenvs Limited. The
plateau of the counter was found to lie between 1300 and 1500 V
(Fig.A.9.). The countcr was operated at 1400 V for H.V. and
30V for discriminator bias. Using a standard source of Pu-239
(2.57 x 104d/ min.) the counting efficicncy ot the operating
voltage was found to be 35.5%. It wos assumed that the cfficiency

was the same for Pu-239 ond Am -~ 241 alphas.
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Appendix 1§

Galculation of the range of americium -- 241 alpha

particles in water

The procedure used here has been taken fron
G.Friedlander and J.W.Kennedy, Nuclear and Padiochenistry,
Wiley, 1957, page 190.
The following equation gives an approximation for the
ratio of the range in ar. absorber (Ry;) and the range in air
“(Re) for alpha particles of encrgy E.

Rz

o b
¢

= 0.90% 0.0275Z+(0.06-0.0086z) log 3  ~—— (1)

The ranges are expressed in mg/sq-cm. and M is the mass

number of the particle and E is the initial particle energy

in MeV. This €équation is found to be useful, within the limits
indicated below for protons, deuterons, and helium icns with
initial energies from about 0.1 Mev t- cbout 1000 MeV ~nd for any
clementrry cbsorber. As writicn, the equntion is applic~blc to absorwers
with 2 %10, For lighter elements, replace (0.90-0.0275%Z) by
1.00, excepi Lor nelium ead hydicgen uss 0.770 and 0.0
respectively. A further approximation is wene that 'ns stopping
offeect of a molecule or of a mixture of atoms cnimoleculesis
given by the sum of the stopping effects of all the component

atoms. Therefore, if R;, R2, Ry...... denots the rans.s “in



Appendix 15 (Cont.)
milligrams per scuare centimetre) & a particular ray in each
of several elements, the range Ry of that ray ian a compound or
in an essentially homogeneous mixture of thesc elements with

respective weight fractions wy, wp, Wyeevoos is given oy

1 = Wly Wo o M3y ceeececes I ¢

Ry Ry Rz Ry

Prom figure 7.2.in the above reference the range of 5.46 Mev
alpha particles in air is 3.85 mg/cmg. Using eguation {1
(modified), the range in hydrogen is given by

Ry = 3.85 (0.30+ 0.051 log 57;—[&) = 1.18 mg/cm?

and the range in oxygen is given by

3.85 (1.00 - 0.0088 1og 248 )

k )

0]

i

3.83 mg/cm?
Wator is 88.9% by weight oxygen and 11.1% hydrogen and hence by

.
i}

equation (2)

=—— = 889, .11l
E,0 3.83 1.18
2 . o -3
and Ry o = 3.07 mg/ca” = 3.07 x 10 “cn.

219,
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Appendix 16

Calculation of dose-raie received by the resin

from amoricium~-241l alpha particles

Alpha particle energy = 5.46 Mey
Specific activity of americiuﬁ—24l = 1.20 x loaﬁi/éec.vﬂg'
Dose-rate = 1.2 x 108 x 5.46 Mev/sec. mg. of Am-241
The apparent volum of 0.1005 g-of rcsin = 0.2178 ml.

Initial weight of the dry resin under consideration = 0.1687g-
0.1687 x 0.,2178 |

-.o are 1 I i = ™

Apparent volume of the resin slurry R 1605 mo.
= 00766 ml.

Amount of Am--241 prcescent in this slurry = 35.0mg.

Energy received by slurry = 35 x 1.2 x 108X 5.46 Mev/saco
Assume that the density of the resin slurry is unity.

Dose received by the resin slurry

25 x 1.2 X 108 x 5.46 x 3600 x 24 MHey/ day.g-
= 0.366

= 5.41 x 1015Mev/day.g-

13

As 6,24 x 1077 Mcy/g. = 1 Wr.

Dose received by the resin slurry = 5.4 x 1
6.24 x

= 86.7 Mr/day

1 3 Mr./day



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220

