THE DESIGN AND CONSTRUCTION OF

A COBATT IRRADIATION CELL AND

| IDS APPLICATION T0 A STUDY OF

THE EFFECTS OF GAIDIA RADIATION
~ ON ION EXCHANGE RESINS

byl
M. Streat, B.Sc.Tech., A,M.C.T.

- A Thesis submitted for the degree of
| Doctor of Philosophy

of the University of London

Department of Chemical Engineering '

~ and Chemical Technology, | |

.‘Mlimperial College, | o
 ﬂbhd0n S.W.?. | |

. June, 1961,



(1)
ABSTRACT
The design and construction of a kilocurie
cobalt-60 irradiation cell is described in detail.:
This consists of a concrete shielded chamber, into
which the source is pushed by means of an electrically
driven flexible cable. The source chamber -is ap=~
pfoached through a-labyrinth corridor, The source
capsule is stored in a large concrete towerloutside
the irradiétion chamber when not in use., Elaborate
'safety precautions'aré ﬁrovided'to ehsure that there
is mo risk of any radiation heélth,haiard. ‘When in
operation, the source provides dose ragtes uﬁ to
1 Mr/hr, which is sufficient for many radiation
Qhemistry studiés.
| This source has been used o irradiate iom
exchange resins With_gaﬁma’radiation atrdoses of up
0 500 Mr. The work reported here describes the
breakdown of strong?base‘polystyrene resins with
quaternary ammonium functional groups. vThe loss
rin strong-base capacity has been related to the total
dose received. An inbreasé in weak-base capacity, |
reSultihg from the loss of a methyl.group from the
strong+basé quarternary structure, has been found.
Thé basic producté liberated on irradiation have

been separately determined as tertiary, secondary and



(11)
primary aliphatic amines and ammonia. A trace of |
formaldehyde is also detected.

Free radical mechanisms have been suggested for
the radiation decomposition reactions observed.
The thermal stabiiity of the anion exchaﬁge resin

has also been examined, and decomposition follows

the general Hofmann degradation reaction.
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NOMENOCLATURE

¢ = curie ,
ne = millicurie = 107°C
MC = megacurie = 10°%c

r - rad = 6.24 x 1070 ev/g
mr = omillired = 10 r
Mr =~ =  megarad = 1O6r
Mr/hr = megarad per hour
‘ev = eiectron volt
Mev = million electron volt
MW ‘= megawatt

gb' = gram »
mpl = maximum permissible level
gyx = millimicron

‘where 1 mMA = 10 ingstrom = 10~ 7cm. |

Grades of Stainless Steel

Type - American notation Remarks
FDP ' C321 Titanium stabilised
FMB 316 Molybdenum stabilised

FCB 47 | Columbium stabilised
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SECTION 1

INTRODUCTION

A. CHOICE OF ISOTOPE

B. DESIGN OF COBALT-60 IRRADIATION CELLS

(1)
(i1)
(i44)

(iv)

(v)

(vi)

Lead shields containinghétationary'
source, samples moved into positions

Lead shields where the éource is
raised or lowered into the irradiation
space,

Shleld design u31ng a plt or cavity
with lead, concrete and earth as
auxiliary shielding materlal.

Water shielded sources,

Sources providing a 1afge 1rrad1at10n

space.

Other methods of 1rrad1at1ng chemical
samples.

C. LOCATION OoF IRRADIATION CELL AND CHOICE OF

DESIGN



A. CHOICE oR ISOTOPE

The use of gamma rays from cobalt-60 for 1rrad1at10n
purposes is very well known (1 - 4). Cobalt sources are
widely used for teletherapy (5 6); industrial radiograpﬁ&;
radlatlon chemistry studies and in large-scale 1rrad1at10n _
(7 - 10) processes. The source designed in this lab-

6

oratory was required to give of the order of 10~ rads
per hour dose-rate for studying the radiation chemistry
of organic and‘inorganic compounds, radiation effects 6n‘
high polymers, and the harmful effects proauced by
'radiation in non-metallic substancés, particularly in
chemical processing‘materials.
Cobalt-60 is produced by neutron irradiation of the
parent material cobalt—59, in a nuclear reactor (11,12).
" The properties of cobalt 60 are glven in Table I, together
with those of cae81um-137, which is a léss commonly used
source of gamma radiation (13). Caesium-137 is formed
88 g fission'product in the fuel of 'a nuclear reactor,
and has Eeen separated in large'Quantities from the‘
irradiated fuel after a cddling period'of.several months
- to allow for decay of short-lived fission products,
Caesium-137, however, is not without its problems
when it is to be used as a source of gamma radiation.
One of the most serious is the contaminating presence éf

caesium-134, another beta-gamma emitter of half life



TABLE i
Cobalt~60 Caeéiumr137
Half Tife o o
Yrs. 5.25 30,00
0.306 (100%) (0.52) (92%)
Beta : _
1.48 ( 0.15%) | 1.17 (8%)
Type of :
Radiation
(MeV) ' o ,
. 1.17 (100%) 0.662 (82%)
Gamma : : :
1i3% (100%) Via 2,6 min,
Ba&137
K-factor v L
r/me.hri 13.2 3.24
at 1 cmi : _ C
Den81 y . '
Production 59 , 60 Fission
Process Co (n,XS Co

Product

2a.



2.2 years. This is formed by neutron irradiation of
caesium~133 which is produced in about\6 per cent of
fissions. Cae51umr134 .could account for up to 50 per

cent of_morelofgthe total radiation energy from caesium
isotopes, depending on the type of reacfor and delay in
chemlcal proce081ng, and could serlously complicate the
malntenance of constant Source POwer over a perlod of
years. Cae81um—134 also gives a hard gamma component

(1.4 MeV) which, though low in abundance, significantly
Mincreases shielding requirements. The self~-heating ef
radio-caesium during tyanspent in large qnantities, can
add to the problem of choosing a eteble sait for isolatipn.
Despite these difficulties, whioh f‘end to ‘r/'ed‘uc:e the use-

: fulness of cae31um as g gamma SOurCe, the separatlon of
cae51um—137 from f18$1on product solutlons becomes economlc
konly When large quantltles are to be produced. One |
advantage of ca981um is that 1t requlres less shleldlng
per curle than cobalt-60-‘ However; the commerc1a1 develop—
ment of ‘this type of source has been less rapld than that

of cobalt-60,

Cobalt 60 has a half 11fe of 5. , 25 years, and there~“ e

fore a source using thls materlal requires only annual
replenlshment-to malntaln its pdwer W1th1n * 6 per cent.
The 388001ated beta radlatlon (0 3 MeV) is completely

absorbed withln the sealed capsules normally used to



contain i%. The bremsstrahlung (mean energy 0.15 MeV)

accounts fer less than 1 per cent of the emitted gamma

energy. The two gamma photons emitted per disintegra- -

tion (1.17 and 1.33 MeV) are so nearly equivalent in
energy that differeﬁtial absorption in a target can
be negiected. These energies are not -sufficiently
high to eject photo-neutrons from any eiement, but
- are high enough to give ueeful penetration. During
neutron irradiation a small pfoportion of rather more
energetic nuclei is formed, but these decay to cobalt~
60 with a half life of about 10 minutes. A.
| Cobalt—é@ may be sealed in stainless sfeel cans -
before actlvatlon, allow1ng for leak tests to be
,performed without the expense of remote handling,
| F;nally, cobalt—GQ can arise as a by-product of
power reactors., The necessary absorption of neutrons
'neaf the core centre may‘be attained by insertion of
~ .cobalt. During the normalvoperation of natural
uranium thermal reactors, up to 1 MC of coﬁalteGO
, canvbe produEed per 500 MW years of-thermai‘energy.
The potentlal future/productlon of cobalt 60 by this
means 1is very large,:con31der1ng that 1 C of cobalt-
60 is enepget;cally equlvalent‘to about 5 C of

_ caesium—q37)
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B. DESIGN OF COBALT-60 IRRADIATION CELLS

The design'bf cobalt~-60 irradiation cells depends
largely on the type of shielding material used. The
more important designs have ﬁsed water, earth, lead
or concrete. The advantage of lead shielding is that
only relatively small thicknesses, i.e. up to about
12 3w, @e required to provide sufficient attenuation
of gamma radiation for a kilocurie source. Tead
shielding is expensive; and cheépgr materials such as
ordinary or baryta concrete are ofteh.preferred, but
shield thicknesses can then be four to five times
greater. The ceapness of concrete, however, makes it
a widély‘used shielding material, |

Water shielding is also used, but»this réquires
thicknesses up to twelve to fifteen times that of
lead for a kilocurie'sourcé.

- The method of sample irradiation fdr these various
shield designs depends on the size of sample, the
homogeneity of the radiation field, and the actual
‘dose rate, ‘Two‘designs are common, i.e. whefe the
source is brought from storage to irradiate the sample,
or whére the sample is plaéed"in positiéh near a
stationary source capsule, ‘ |

The shape and_design of the source capsule is

important in defining the homogeneity of the radiation




field, This is particularly.ggfin multi-capsule source
~arrangements. |

‘Description of Sources

(i) Lead shields containing stationary source, samples
moved into position.

These sources comprise a lead coffin of suitable
wall thickness, with the soufce positioned in a cavity
at the centre (14 -~ 19). Specimens are introduced
into the irradiation space by various techniques.,
Charlesby and Flint‘(14)_describe a 100 curie source
of this design, the specimens being attached to the
- coffin 1lid, which may be lowered into poéition in the‘
lead container. Eastwood (15) introduces specimens
by means of 0.75 in. I.D. tubes which lead into the.
centre of eight sources placed.in the lead container.
_The advantage of these soﬁrce deSigns is that they are
neat and compact, but they lack versafility and
~ severely restrict the size‘of sPecimeh to be irradiated,
(41) Lead shields where the source is raised or lowered
into the irradiation space. |

This type of arrangement affords more versatility
in design, and allows the Saﬁples to be placed in
pdsition prior to‘thebentry of the source capsule,
Many,cqmpact sources of this type ha#evbeen.described

(20 - 25), with some rather more massive structures

et /
jOe g

6.



incorporating the same priﬁéiple (26 - 28).'

A typical design is that of Hochanadel end
Ghdrmley (20), Greenfield (21), and Blomgren (22).
Here, design consists of a lead shielded irradiation
volume, often described as the "oven", above which is
placed a lead turret containing'the source capsule,
safely stored, Samples are’placed in the "ovenﬁ,
with the source safely stored above, and for irradia-
tion the source is lowered into position. An interlock
ié incorporated to évoid inadvertent peréonnel
radiation exposure. »

Kuhl et al (25) hawedesigned a 1600 curie source
Whichvis stored in a lead coffin. An»eiectric motor
slowly raises the coffin plug, to which the source is
attaéhed,'and samples are irradiétadyabove the coffin.
.An emefgency release drops the source back into the

coffin,

Te

Breger et al (26), Jones (27), and Colichmann (28) ..

have described larger shields requiring up to 10 tons
of lead, where the method of transferring the source
:capsulé to the irradiation chamber,iS'ratherrmore
elaborate, In each case the lead shieid containing
specimens, is tr?nsported eifher beneath or adjacent
to the source shield, using a transportable troiley,

‘and the source is transferred for irradiation.



(iii) Shield design using a pit or .cavify with lead,
conorete;.and earth as auxiliary shielding material.

‘Many workérs have made use of an exisfing;pit or
cavity in the ground when'building cobalt-60 irradiation
units (29 - 33). Chapiro (29) used a previously exist- |
ing cave 50 ft. below the surface, to store a source
in the kilocurie range. Samples to be 1rrad1ated are
placed in marked positions on a table surrounding a
central tube in which the source is raised vertically
from & shielded container in the pit.

Burton, Ghormley and Hochanadel (30) house.a
source in a specially prepared 7 ft. hole in the lab-
oratory floor.} Samples are lowered down brass tubes
- to irradiate. A similar’design by Aitken'(32)_differé
only in that the soufce travels up and down a tube‘set
8 ft. in the ground. The source is raised by compressed
air to the 1rrad1atlon posltlon and falls back to store
by its own welght.e
(1v) Water shlelded sources. | |
| Water shlelded sources possess many of the features
above, i.e. a well or tank set in the ground Where the

souroe may be ralsed, or the samples 1owered, 1nto

L position for 1rrad1at10n (19, 27 34 - 36) Water as

a8 shleldlng materlal has as its main advantagecheapness.

Disadvantages of water shielding include corrosion of



equipment, and the neoessity, usually, to provide
water-tight speéiméns, unless_a sample guide tube is
used. V | |

Schwarz and Allen (34) have stored a 120 curie
source under water in a pipe buried in the ground under
the laboratory floor. Samples for irradiation are
placed in a water-tight can and lowered into the hole.
Water and earth prévide the only shield..

Callinan (35) describes a 2,300 curie source
located at the bottom of a well‘uhdér 12 ft; of water.
The Watér servesjas both a'shield and coolant for
tempefature control. Samples are again lowered into
position alongside a number of cobalt capsules which
make up the source.

A1l the irradiation assemblies discussed so far,
with the exception of éome Wéter shielded Sdurées,
require that the specimen be of restricted size and
shapé. For many practical purposes, it is desirable
"to irradiate larger piecés of eqﬁipment;.and to have
rather freer access to the 1rrad1at10n space,

(v) Sources prov1d1ng a 1arge 1rrad1atlon space and
 1noorporat1ng features of previous de81gns.

The use of a 1arge irradiation cell has the
1advantage that there 1s no restrlctlon on the 51ze of

sample, and very many 1rrad1at10ns may be carrled out



at the same time. Such irradiatién cells usually
utilise concrete wélls 3 - 5 %, thick.> The source
is moved from a storage p&sition,into the béll fof
irradiation (37 - 43). | |

Obrycki, Ball and Davidson (37) shielded a 25
curie source in a pipe sunk in the ground; with a
mineral oil; When in use, the source is raised to
the top of the pipe, to a position ihside a room com-
pletély‘shielded by concrete Walls, accéésible'through
a heavy door. Similarly, Nehemias, Brownell et al
(38, 39) describe a teﬁ kilocurie source which is
stored under water in a well 16 f£t. below-thé‘ground.
The source is raised into an irradiation cell with |
4‘ft. thick Walls;‘enteréd by'means.6f a'labyrinth
cdrridor. A safetj interlock ensures that the source
cannot be raised whilst access to the‘irradiation cell
ié bossible.vbBreger and Belynsky (40) have designed .
‘a similar unit but they store the source in & lead

cOffin,nihbide the irradiation cell,'When not in use.’

Murray, Dove. and Roberts (42) also use a labyrinth

corridor leading into a concrete irradiation cell.
The source is shielded in a comcrete tlock when in
.store; and pushed into the irradiatién‘cell by an

'kelectribaily driven,‘flexible cable, An interlock

prevents the source moving, when access to the

10,



irradiafion:eell is aveilable.
(vi) Other methods of irradiating chemical samples,

Ih recent years,_spent fuelfelements have been
used as a source of radiation for irradiating chemical
and biological systems. A water shielded spent fuel
element pond at‘Harwell can be ueed‘tq give dose rates
of up to 5 Mr/hr for short periede after reception of
| new fuel eleﬁents, but this dose rate drops to about
1 Mr/hr. -

Reactors have also ‘been used as sources of gamma o
radlatlon, but they suffer from the disadvantage of
making many materials radioactive due to neutron

capture.

'G.  LOCATION OF IRRADIATION CELL AND
| ' GHOIGE OF DESIGN

After a conﬁideration ofvthevvarious types of
| irradiation units described above, it was decided to
construct an 1rrad1at10n cell based on. the design of
Murray, Dove and Roberts (42). }#

A kllocurle source of cobalt 60 Would prov1de dose
rates of up to 1 Mr/hr, Whlch was sufflclent for a W1de‘
range of 1nvest1gat10gs 1n radlat;on chemlstry. The

irradiation cell was to be built on the site of the

Nuclear Technology Laboratories (Drawing NTB).



Economy v space was most impoftant in designing the
irradiation cell and inAmany ways determined the final
design of the concrete shield shown in the above

drawing.

‘12,
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SECTION 2

DESCRIPTION OF
SOURCE TRAVEL
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DESCRIPTION OF SOURCE TRAVEL

In an irradiation cell of the type under con~
s1dera+1on, elaborate arfangements must be made so
that the source can be w1thdrawn to a safe position
when apparatus or samples are belng as;embled within
the 1rrad1at10n gpace.

It was, therefore, essential to dééign a safe
and efficient method‘for tfansportihg the:source capsule
| between the "safe" and "exposed" positioh; through a
.meﬁal guide tube running . through the doncfete ghield.

Variousvméthods nave been considéred for moving
the sOurce, and early designs had the soufce mounted

at the end of a steel bar, Wthh oould bé pushed along

S a metal tube cast in the concretea The dlsadvantage

of this type of arrangement was that thé movement of
the source was strlctly llmltéd, and rlgldly malntalned
only along a straight 11ne Whloh was the proaectlon
of the guide tube. Thlé leads to the problem of
shielding from'radiatlon dlrected down the guide tube.
A far more satiéfébfbry;afrangeﬁehf is to use é
curved tube rather than a straight bnéi Scattered
radiation is prevented»ffom réééhing either end. .This
means that the source can be moved between two points
which need not be strictly in the same plane, and this

leads to more flexibility in design., The disadvantage
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of a bent guideitube ie that 1t is limpossible to use

a rigid mechanism for pUshing»the source into the irrad-
iation position. Other methods,such as'pneumatic
movement, are not adv1sab1e because of the danger of

the source sticking between the safe" and "exposed"

.pOSltlon. A positive method of mpV1ng the source can

be ach1eved by using a fleXible cable, of5the type
known_commercially as "TELEFLEX" cable. This is w1de1y
.used to provide pushrpull‘actions in aeronantical»
engineering. The flexible cable is made from a multi-
strand highktensile steel Wirevcore, over'whicn
additional layers of wire arelwoundglso that'a con-
-tinuous.helical worm or‘thread is fdrmedi. This engages
a special form of gear Wheelg and a direct and positive
1pu11—push actlon can be transmltted to the cable,
 The source capsule can therefore be attached to
‘"Teleflex“ cable and moved along afi S—shaped gulde tube
1n such a way that the source movement cannot slip
relatlve to the cable. Thls,'as‘w111 ‘be seen, is essen-
tial for the design 6f the souféelinteriocking mechanism;
Careful cons1derat10n had to be given to dimen-
| sions chosen both for the'source capsule and for the
bends in the guide tube. The dimensions of the sourbe‘
capsule are chosen 8o that it can travel freely along
"~ the guide tube and'that there is no possibility of the

-

LI R R A B I M A v SE ST O (I SR el ohe k-

in
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source sticking due to irregulafitiesbbg constrictions
in the internal surface. Ihe dimensions of the internal
diameter of the guide tube, the radius of the bends,
and the diameter and length of the“eouree'capsule’are,
therefbre, cxitical. |

v Drawihg}(NTB) shows the layout of the concrete
shield, and the position of the guide tube. The guide
tube is S-shaped (ANT 11) and the source capsule
moves 18 ft. from the‘ﬁsafe"'to "exposed" position,
The "Teleflex".eable.is driven along this ‘guide tube
by means of a gear‘Wheel; qur accurate-dosiﬁefry~it

is necessary that the source be removed from the irrad-

. 1at10n p081t10n as quickly as poss1ble. A 4 1n. drive

wheel Wi11~transmit a 12,67 in. travel along the
"Teleflex"}cable; which meahs_thétithe gource can be
moved the fotal 18 £t. by 17 revolutions of & hande
‘wheel. This means thaﬁ fhe total travel can be |
'"echieved in 20 - 30 seconds. |

| By incorﬁoreting7an electric drive,'it was’conp
sidered that the seurce could be reﬁbved more rapidly
and ‘at a constant fate., A removal rate of 12 - 18 in.
per second would be sufflclently rapid for most needs.

| A most 1mportant feature in the de81gn of the |
‘source travel mechanlsm, was te’achleve a completely

reliable source. Interlocklng dev1ce. This required
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that the source could under no circumstances be‘moveq
into the irradiation celi‘unfil the labyrinth corridor
gate Was’securely locked, -{This meant that an inter-
locking»system between theM;ource travel mechanism and
the corridor gate had to be dev1sed. Draw1ngs (NT4)
and (NTB) show the source 1nterlock and the corridor,
gate in detail. |
The requirements of the interlock are as follows:-
{ (1) When the source is in the irradiation position |
the gate is‘rigidly locked and cannot be opened.
(44) }The corridor gafe can'only be opened when the
source has been W1thdrawn to the "safe" poSition.
(iii) Once access to the 1rradiation cell has been:
| | achieved, ltﬂ;S impossible to move the\source,
:info the irradiation poeitions
The operation can most eimply be achieved by having
'one key which operates two locks,vone ‘on the gate, the
'other on the lock to the source travel mechanism. The
acomplete 1nterlock de81gn is described in Section 7 (d).
 The final deSign of the source travel mechanism
may therefore be . summarised as foiiows'
An e1ectr1c operator pushes the éource capsule into
the cell in approXimately 14 seconds.« The drive motor.
is coupled to an 1nterlock1ng diso, Wthh moves in

strict Bynchronisation with the source capsule, and

PN
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this disc can be locked in:thé'safé posiﬁion, thereby
locking the source travel mechenism; A:feliable inter-
lock is 6btainedfbetween fhis dis¢ and thie corridor
gate, lelt sw1tches in the electrlc operator cisure
that the source travels between the same two p01nts,
and a phy81cal stop on theiree end of the tPeleflex!
cable prevents the sourCé oapsule from travelllng |
beyond the exact exposed p051t10n. The incorporation

- of a slipping clutch devicé'in the drive motor ensures
that the source capsule and the'electrio mbtor'cannot

" be damaged éhould the source become jammed in the guide

tube,
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SECTION 3

"G ONCRETE
FOR RADIATION SHIELDING

© A. DISCUSSION
(1) Homogeneity of shield material.
o (41) Constructional problems.

(iii) Space requirements..

B.  CALCULATION OF SHIELD THICKNESSES
(1) Goldstein and Wilkins!' Method.
(ii) callen's Method. |

C. COMPARISON OF RESULTS
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A, o DISCUSSION |

The choice of a particalar shieldiﬁg material
is based primariiy on its property'fo reduce the rad-
iation level to a safe level, i.e, density.is an
important factor in Choosing a shield material,
Secondary to this are economic and,mechanical factors,
which are interrélated to a very large extent.
Although water is a good»neutron‘shield, it requires
excessire thicknesses for shielding gamma radiation,
- Lead shields reguire the»mihimum thiCknesses for gamma
radidtion, but lead lacks mechanical strength for |
large structures and is extremely expensire. ~Concrete,
which is Cheap and has adequate mechanical strength,
is an excellent shielding material for large permanent
shields., Oniy moderate thicknesses.of concrete are
required, i.e. between 4 and'S'ft; Ordlnary concrete
. in suff101ent thlcknesses will prov1de a satlsfactory
shield, but the use of various heavy concretes made
from special aggregates have also been used (44 - 51)
"ngh den31ty concrete is often preferred ‘due to
smaller shleld thlcknesses, but is more expenslve and
| may lead to certain mechanlcal problems. -Important
factors in ch0031ng a. concrete sh1e1d are:
'(1) Homogenelty. ' |

Weaknesses and voids in the concrete structure
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nmust be avoided.i;If pockefs are formed in fhe'concrete
"shiald, or segregation occurs, the effective concrete |
thlckness is 1essened and the radlatlon pass1ng through
‘such sections is greater than‘the calculated value,
(ii) Constructional problems. |

| Concrete shields including a 1abyr1nth corridor
need exten31ve formwork and careful placement of con-
crete to av01d segregatlon. Vibration of the concrete
is essentlal but can be dlfflcult Wlth high density
concretes. Shrlnkage characterlstlcs of hlgh water
content concretes are severe, and cracklng must be
av01ded. »
j»i(iii),SpacetreQuirenents;f7'
| High densitY‘concretes may only require half the
| thicknesses-that would be needed with ordinary concrete.
~ An economic balance must be struck between valuable
floor space lost and»relatiﬁe costs of high and ordinary
density concrete. Previoue sources have used inter-
locking concrete bricks in the buiiding'of the:shield.
Concrete brlcks, usually of a high density (3 0 - 4,0
g/cm3), have been fabrlcated and assembled w1th use
of mortar. The bricks are arranged so that there are
'no s#raight gaps fhrcugh the shield, i.e. bricks are
'Staggered in two dimensions, broadly termed manhoié'

bonding. Such concrete blocks are very expensive and



22,

assembling them is @ifficult ana time-consuming. If
was felt that both on economical grounds and also for
lquickness it Would‘be satisfactory to use pre—ﬁixed;
poured conerete in building the concrete sﬁield in
this laboratory. Poured vibrated concrete of density
(2.2 - 2.4 g/cms) was spe01f1ed in the design of the

concrete shield,

B. CALCULATION OF ShIELD THICKNESSES

Several methods for calculatlng shield thlckness
are available (44, 50, 52 - 55)  The most useful
methods‘are'those discussed by Goldstein and Wilkins
(53) u51ng Taylor s (55) dose bulld—up data, and the
half thickness method described by Callan (44).

(1) Goldsteln and WllklnS' Method. s

Maklng the general assumptlon that the source is
a p01nt source of 1,400 curies, that shleldlng data
~for alumlnlum (den51ty 2.7 g/CmB) can be used for
concrete (den51ty 2. 2 - 2 6 g/cmB) and that the constants
derlved for alumlnlum can be used w1thout apprec1able ‘
error; thcn the general express;on fcr,qcse-rate (D)_

through a concrete shield is given by.‘

=6 x 3.7_x 1O1O,x ef/“ot.x BQuot),m.p;l;
gzmx(aw)%/?.‘




Consider - the particular case:

s

a

3

source

where - s

1 mpl

—_

thickness of shield (cm)

dose build-up factor .

YW

source strength (curies)

‘linear absorption coefficient (cm71)

conversion factor from photon

energy to flux (dis;/cmg/sec.)

source to shield distance (cm)

2.5 mr/hr. (56)

The gamme radiation from a cobalt;60 source includes

emission of:two photons of energy 1.17 and 1.33 MeV,

respectively.

Assuming a = t = 2ft., then a table may be set up as

~follows:

biev |a t | r

5

A aker

_/udt

e/ 1B(uot)

1.17161161 [122

3.65%10°

0.1575}19.2

9.6

6.8x1072 | a4, 25

3.19x10° |0

8.72

1.6x107%|33,50

|1.33]61 611122

- 1,4%3,7x1012

T
R
it

4 (1.22)%10%

il

692 mpl

[l

«1430117.5

.8x10  Dxia,

25

1.6x10"4x33550

[}

1,73 x 10° mr/nr

3,65x107

3.19x10

0.276x10%  [82.52107% + 16.8x107*] mp1
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(ii) Callan's Method.
 Half thicknesses for various‘typés of concrete

are as follows:

17ype of concrete ‘Density g/cm3 Half +thickness (ins.)

Ordinary | 2.2 - 2.4 2.82
Limonite | 2.6 - . 2,38
Magnetite , 300 - 3.8 . o 1 065

| Considering the same example as above, the source
intensity at the point D is given by~the equation

EF = T ¢B§
’(a+t)2'

~where C = source strength (curies)

E = total energy of gammavenergy in
MeV/disintegration |
i.ces I'=7 x 1400 x (1.17 + 1.33)
' 16 |

= 1530 r/hr
Theinumber*ofhalf—ﬁhioknesses;required for a shield
is'obtained-frdm the exﬁréssion
"N = 3.32 log R
where R is the attenuation coefficient.
| ‘shield thickness

half thickness

24
2.82

ss No. of halfvthicknessés required’=



~For ordinary concrete -(density 140 1b/ft3 or 2.2 g/cm3)
N =8.52 |
8.52 = 3.32 Iog R
log R = 2.57
R = 3.72 x 10°

The total dose rate received at D is given by
D = I/R |
= 1530
3,72 x 108
| = 4,12 v/hr or 4.12 x 10° mr/hr

c. ~ COMPARISON OF RESULTS
’ | Shield Thickness | Dose Rate
) MethOd ‘ Ft o mr/hro '
Goldstein and Wilkins | 2 113 x 107
Callan 2 4,12 x 107

These two methods give a comparable result but the
‘method by Callan is simple and quick to apply. It
~ therefore provides a very useful and rapid method
- for the calculation of the dose rate around the con-
crete shield. This dose rate must be kept below the
I.C.R.P. recommended maximunlpnm$$ible—level (56),
i.e, 100 mr/40 hour week, Shielding thicknesses

were calcuglted to give a dose rate not greater than

25,
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2.5 mr/h}.aﬁ any poinf around the shield.. A specimen
calculation follows. Consider a point 10 Tt. away
from a'1,400'cﬁrie source shielded by 4.5 ft. of
ordinary concrete (density 140 1b/ft3).
The intensity at 10 £t. is giﬁen by

I = 7cE/a2‘ |

7 x 1400 % 2.5
100

= 245 r/hr

Thickness of shield = 54 in.

|

Thus, no. of half thicknesses required N = 54

$2.82
but N = 3.32 log R
log R = 54
2.82 x 3.32

R = 5.37 x 107

2,45 x 10° mr/hr
5.37 x 10°

Dose rate outside shield

|

This is well Within safé limits and an average
concrete thickness of 4;5 - 5 ft. can be specified
in the design of the shield for a 1,400 curie cobalt
source. “ :

The cobalt source is to be étored iﬁ a concrete

" block when not in the exposed position. The dose



rate may be calculated when the source is placed at

the centre of a concrete cube of 10 f%. gide, i.e.

'/the source is shielded by at least 5 ft, concrete in

any direction.
IntenéitY'of'scurce at 5 ft. is given by

I

7 x 1400 X 2,5
o5 . :

980 rZhr

 No. of'haif thicknesses = 60

2.82

. Attenuation Coefficient is given by

log R = 60
. 2.82 x 3.32
and R = 2.5 x 10°
kDose rate outside therShield = 9,8 x 10° mr/hr
| 2.5 x 10°
= 0,40 mr/hr

It was therefore satlsfactory to shield the source by

"5 ft. concrete in the store p051t10n.

A shield thickness of 5 ft. was provided above

the irradiation cell, o act as. a ceiling. This was

sufflclent shleldlng to malntaln the radiation level
at- p01nts above the source chamber at levels below

..thoseArequlredvln areas frequented by non radiation

WOi‘kéI‘S ( 56) .

27-
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SECTION 4
DESIGN OF CONCRETE SHIELD
A. DESIGN OF CONCRETE SHEFLD

B. CALCULATED DOSE RATES AROUND THE SHIELD



A, - ' DESIGN OF CONCRETE SHIELD

'The location of the irradiation cell within the
Nuclear Technology Laboratories is shown in Drawing
(NT6). It was designed.to occupy the minimum amount
of floor"spacé in the 1aboratory. A detailed drawing
of the concrete shield is given in Drawing (NT3).

. The source chambei has oveiall’dimehsions of
6x8 x ‘7 ft. high. 'l‘he' source in its exposed
pbsition is locatéd at a pdint 3 ft; from three inner
Walls.as:shown. A labyrinth dorridor is essential in
order to avoid scattered’radiation frOmvthe source
~reaching the éontrol'position,‘ Aécqrdingly the design
prbvidés for four right angle bends in the labyrinth
‘corridor. The width of this corridor was determined
»prlmarlly by the size- and shape of the lead shlpplng
‘ contalner, which would be used to brlng the source
capsule into the 1rrad1atlon cell. Wurthermore, the '

corrldor must be Wlde enough to allow apparatus of

appreolable sizge to be taken 1nto the source chamber.

It was for this reason that cormers were shaped as
‘ShOWnpon Drawing (NT3), i.e. to aliow for msnoeuvra~

- bility in the corridor. -

A wooden framework was fabricated, the dimensions

of which~corréspdnded to the floor space occupied by

the lead shipping container, i.e. 40 x:BO in., This

29.



~ was pushed rqund'thé proposed shield layout on the
actual site. A 3 - 3.5 ft. corridor width was
specified, guaranteeing that the shipping §ontainer
would have ample space to be moved into position,

The shielding calculations show that an average
thicknesé of 4.5 f£t. concrete of density no less than-
140-1b/f’c3 is necessary in all‘directions, from any
poinf in the line of ébuice travel.

The side elevation view of the shield design
shows that a 5 ft. thick_ceiling was provided. Extra
- shielding was specified because of foice-and-leCture
room facilifies to be built above the irradiation
- eelds S

The 17 ft. high conciete.tower oﬁtéidé_the
building Was required to accommddate the S—shapéd
source guide $ube. Preliminéry design considerations

indicated that it was preferable to have direct access

to the "Teleflex" cable at a point close to the source -

storage position, i.e., near to the’top of the concrete
toWer. This would have beenvdifficult if the guide -
tube had bent downwards, and the "gstore" position had

been below ground level.

For this reason it was decided to move the source

upwards after leaving the source:éhamber. The "store!

position was positioned in the céntre of a concrete

30.
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block in the shape of a cube having 10 ft. sides.
The simplest way to place this conmcrete block in the
required poSition was to support it on concrete, i.e.
the upper section of the concrete tower comprised
the source stofe; and.the lower section served as
vextra shielding, but chiefly as a support. This
'method of using'concfete.as the support was as cheap,
if not cheaper, than other methods‘ofksupporting‘the
upper concrete block. In order to avoid subsidence
and possible collapse of thevwalls of an underground
‘passage which runs close to theilabOrafory, it was
necessary.to take the'foundations'fOrvthe‘COncrete
< toWer‘down to a depth of 7.ft;,below ground level,

| A 6 in, dlameter cast 1ron plpe (1tem 6) was
‘set into the brlckwork portlon of the shield. The
‘reason for thls was that,should sub51dence of the
tower occur then the gulde tube was free to move,
relatlve torthe ‘block. The gulde tube could, therefore,
'not be bent or distorted in shape. '

 Other facilities prov1ded 1nkthe'sourceechambef

are; | |
‘,(i)‘a.4ein. diameter'cast iron pipe‘leading from the
source chamber to the control face. This can be
ueed to provide exfra faeilities’in‘the source chamber,

which need operation from outside, .
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(ii) a2 6 x 6 x 8 in. provision for a lead glass
‘window.
(iii) a 4 ft, duet 6 x 3 in., in cross-section,used

for extracting air from the cell. _

B. CALCULATED DOSE RATES AROUND THE CONCRETE SHIELD

Dose rate calculations Werebmade around the
- concrete shield assuming the source strength'to be
1,400 curies, Values for the dose rates calculated

were as follows. Refer'to Drewing (NT6).

Position Dose Rate mr/hr

Calculated | Murray (57)

A 0.3 | 0.15
B 0.3 | .-
c 1.5 x107% | 2x 1070
D 3.8 2w
.vE ‘96'0 fElgg 'gizgggred‘
P 1.9 =
G

0.7 : ’ m——n

The concrete shield, as designed; provided adequate
~shielding and'reduced,the radiatioﬁ level to a

satisfactory minimum.
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. BUILDING OF
THE CONCRETE SHIETD
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' BUILDING OF THE CONCRETE SHIELD

| Wooden'formwork_Was'erected to the design shown
in Drawing (NT3). ’The'formwork was hardboard faced,
“to give a smooth surface to the eonerete walls,
APreliminary work Wae also carried-out to prepare fhe
foundatlons, 7 ft. deep, for the concrete tower.

It was p0351ble to erect the source shleldlng
walls directly'from ground level because the existing
~ floor had beeﬁ designed tb take very heavy loads. |

The ceacrete‘Shieldfwas erected from peured
‘"ReadyéMiX“‘eonCrete;e The 6peration was carried out
.‘1n three 11fts,'1 e. the. flrst 5 ft helght of the |
| shleldlng was poured and allowed to set.‘ A further
e_6 ft. hlgh sectlon was then poured on top . of thls,
wallowed to set, and the flnal 6 ft. high sectlon
-poured. Contlnual v1brat10n of the concrete was

'carrled out to prevent formatlon of air pockets or
'fv01ds in the shleld-structure. The total curing tlme'
for the concrete was twenty—elght days, and durlng L
thls “time. the formwork was kept in p081t10n. Durlng
pourlng, great care Was taken to‘ensure that the
gﬁide tuﬁe‘remaiﬁed rigidly*lbeated4inrpbsition.’

The celllng to the source chamber was bullt up
'efrom 6 in, thlok pre—stressed concrete planks, whlch

were supported,above the,source chamber and control
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Test No,

10

11

12

Age at

Time of Test

(Days)

28

28

28

28

28

28

28

28

28

28

Weight of
" Concrete
(1bs/£t2)

145%

147

146%

147%

147%

146

147

146%

%7

146

145%

146

- Cross
Sectional
Area (in2)

36.0

36.4

36.4

36.0

36.0

36,0

36.4

36.0

36.07

36,0

36 cy O

36,0

Maximum
Load
(tons)

45.63

47.20

50,26

40,38

46 .41

29,26

56,01

42,49

45.67

55.59

22.96

28.38

Maximum
. Stress
(tons/ft2)

183

187

199

162

186

117

222

170

183

222

Q2

113

(1bs/i£2)

| 2840

2900

3090

2510

2890

1820

3450

2640

2840

3460

1430

1770
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face. The_remaihiﬁg‘concrete shielding Was'poufed
on top of thévéupporting planks, |

To guarantee a minimum concrete density of
'140‘1b/ft§, specimen 6 in. cubes were formed from each
batch of the concrete mix and sent for testing.- The
vresulté‘bf thé'ooncrete tests are given in Table 2
This‘shows_thaf\theaoonoretenwas of a consistent _
aensity between 144 =~ 146 l_b/'ft3 and that the properties
of the concrete were such that no Wéékne$ses cdﬁld'_

?ocbur in the fihal shield design.
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SOURCE CAPSULE DESIGN

AVAITABITITY OF COBALT-60 IN THE UNITED KINGDOM
AND ELSEWHERE

DETAILS OF CHALK RIVER SOURCE

- FEATURES OF SOURCE CAPSULELS AT WANTAGE

- SPECIFIED SOURCE DESIGN
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AL AVATLABILITY OF COBALT-60 IN THE
| UNITED KINGDOM AND ELSEWHERE

In the Autumn of 1958, enquiries were mede ﬁith
the Isotope Division of fhe‘United Kingdom Atomic |
Energy Anﬁhority, about the supply of 1,000 euriesv
of high specific acfivity cobait. -Only‘about 500v
curies of cobalt, at 1 -5 curles/gm in the form of
'standard 10 cm. rods or 12 x 12 bisiis) cyllnders were,_'

. avallable at that time., 1In addltlon,a 11m1ted number'
of 6 1n. source rods could be obtalned These had
been prematurely dlscharged from one of the Wlndscale
reactors, and had sp901f1c aetlvlty of the order of
‘0 5 ‘cur 1es/gm. o | v | |

.7 Low speclflc act1v1ty oobalt of this type Would
require a very 1arge volume of materlal (up to 200 cm
to prov1de a kllocurle source. This Would lead to a .
:‘source of apprec1ab1e dlmen51ons, i. €. a solid cylinder

2 in. dlameter,by 6}1n.; A less homogeneous radletlon

o andte lower doee.rate7m1ght be expected. It would

“further complicate the design when*considering the

‘j;eao%ual moVementfand flexibility of the source travel.

Atomlc Energy of Canada Limited offered rapld
'7de11very of cobalt, of specific activity about 40
. curies/gm., and at a price of ,8'3.50/cur1e. ~ This is to

be compared with the United Kingdom price of &£2/curie

57,
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at that time.

B. ‘ DETAILS OF CHALK RIVER SOURCE
| AE.C. L offered to supply three cold—welded v

- capsules contalnlng about 1 300 curies of cobalt as

follows:
o Capsule No. - No} ofvcuries Spe01flc Activity
: ‘ v ‘ (curles/gm)
1 450 35
2 450 29
3 A, a0 v

-The cobalt was 1n the form of cyllndrlcal pellets
1 mm dlameter by 1 mm 1ength, encapsulated in con—vv'

 tainers shown in Draw1ng (ANT8)., The dlmen81ons.were

 approx1mate1y 0.875 in, dlameter,v1.875 in, total length

- for each ihdividual capsule.’rPlaced one above the
‘vother to prov1de one complete capsule, this would

measure 0. 875 in. dlameter, 5. 625 in. total 1ength.

G, FEATURES OF SOURCE CAPSULES DESIGNED AT WANTAGE

1 Much Work on the design of cobalt sources has
47been carrled out at the Wantage Radlatlon Laboratorles,
and it was therefore considered that the Nuclear
‘Technology source capsule de31gn should be based on

the recognlsed de51gns approved by experience at
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Wantage. Eastwood et al (12) and Murray et al (42)
have descrlbed various des1gns of cobalt source
capsules, Important features in des;gnlng a'source
efthistype are: »
- (1) the source is éylindrical, for uniform radiation
flux, | | | |
(11) the dlameter of the capsule is a mlnimum, as.
this 1s the critical dlmen51on in ch0081ng the dlameter
of the guide tube, | | N
(111) the cobalt 15 doubly—encapsulated to av01d the
risk of 1eakage Of act1v1ty from the contalners,
(1v) the contalners are made of a metal compatlble
. with that of the gulde tube- stalnless steel is usually
| preferred, i v
(v) the source is attached to- 12 - 18 in. stalnless
; steel rope. Thls 1s a handllng faclllty dlscussed in

‘Section 8.

D, - SPECIFIED SOURCE DESIGN

‘A, E C L. re-encapsulated the three separate

'3souroes to form one capsule to. the de51gn shown 1n

‘L-LDraW1ng (ANT9)

The 1n1t1a1 souroe deslgn spe01f1ed a 6 in.,
. oyllnder, 0.565‘1n.~d1ameter,ﬂlncorporat;ng hemi-

spherical ridges to give an overall diameter of 0.715 in.



The ridges were introddced:to ﬁiovide.riding surfaces
for the capsule; The cobalt would be doubly encap-
sulated, the inner container having a #olume'of 9 em3
to be fabricated from sfandard:(0.395jin. I.ﬁ;

0.445 in. O.D;) F;M.B; grade stainleesfsteel tubing;
. The stainlese steel rope ceuid ’be swaged into the
.O 272 in. dlameter hole prov1ded. - _

A later modlflcatlon requlred that the hemi-
spherical ridges be removed in order that the overall
' dimensions of'the.eapsﬁie;ceuld~be redueéd; In their
place a slight roﬁnding‘af eithef end ef the eapsule

was considered adequate (58).

The flnal outer source capsule, Draw1ng (ANT 10),,

has overall dlmen81ons, O 565 in. dlameter by 6 in.
.vlength. The end. flttlng for the etalnless steel rope'
“1semod1f1ed to prQV1de'p1ug welding 1nvpreference to
‘aswaging."‘ihe retaining,dish'plugs are cold-welded
into poSitien‘andafhe seuree'appears-as:a<solid
‘Cyiinder;1With‘fquhdedfends. fhe:tofal overall 1ength
of the souree‘Capsuie and afain1e88~steel rope is |

26,375 in. (Plate 1).
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DESIGN OF SOURCE TRAVEL.

" SECTION 7

"MECHANISM AND ANCILILARY

 EQUIPMENT

* DESIGN OF GUiDE'TﬁBﬁ ‘t’ ',
 DESIGN OF GﬁIDﬁ TUﬁETEﬁb;PiECE AND}&QUPLING‘v
'DESIGS‘QF ﬁTELﬁFiE%ﬁ,EiEdT31q oPERAToR'
. DESIGN OF TNBRIOK |

 DESIGN OF CORRIDOR GATE
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A. DESIGN OF THE GUIDE TUBE

In fabricating the gﬁide tube to the_dimensions,
of Drawing (ANT_11)_it_wes important to ensure
precise values fofethe redii of the two 90°'bends.
The critical dimension was the 2 ft. 3 in. bend.
Thefevshoﬁldvbe no possibility_bf'the sourceAeapsule
. jemming in this bend.’ | - -

Barly in the de31gn programme a dummy source
‘,capsule was manufactured Drawing (ANT 9), and pushed”
through & 1 in. dismeter guide tube in one of the
Airfadietion cells attthe-wéntage Laboratories; It. .
was found that thls souroe capsule would sllde round
a- 2 ft.‘radlus, 90 bend 1n a1 in. diameter gulde
tube. - _ | , - | A "

Stalnless steel tublng 1 1 in. 0.D, 16 SWG,‘Was
iespe01f1ed~for the gulde tube for:the NuclearvTech-j
~ nology source, Drawingf(ANT ﬁ1) o
| The total gulde tube length, i. . 23 ft., could

'not be obtalned in one complete length and Was,‘
e,therefore, fabrlcated from°
(1) 2 x 14 ft. lengths stalnless steel tube 1 in,
| hk 0. D. 16 sWe FDP quallty (tltanlum stablllsed)
e(ll) 8 1n. 1% in., 0 D. 10 SWG stalnless steel tube to
' prov1de the 301n1ng oollar.:‘ B

The guide tube was bent by Messrs. Universal
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Radiators to the requlred speclflcatlon, and the two
component pieces joined in the Chemical Englneerlng
Workshops at Imperlal College. Care was taken to
ensure that fhere was no lip.on?the inside surface
of the tube, which might 1nterfere Wlth the travel
of the source capsuleo ’

A 6 'in., collar was’ sllver brazed over the 301n.
Penetratlon of-between % - % in. was obtained in the
brazing process. The tube, throughout the ’join_ing‘

process, was secured'to a specially prepared jig.

B. DESIGN OF GUIDE TUBE nND-PIECE AND COUPLING

Draw1ng (ANT 12) shows in rather more detail the
source gulde tube end—plece which comprlses the last
.20 in. of the gulde tube at the exposed p051tlon.

Thls end plece ensures that the source can be
accurately located at the end of its travel and retalned
inthln the mlnlmum shleldlng thlckness of stalnless _‘
vsteel. Standard stalnless steel tublng FDP quallty
’%’in,vOD x 25 SWG was mostosultable for this purpose.

oA'standard'ERMETO'stsinless steel reducing
"coupling connectedsfhis’end-pieoe t0 tne guidevtube.
A collar was silver brazed to the end-piece; 1% in,
length to,inorease the outsioe diameter of the tube

to %* in., i.e. wall thickness of 0.145 in. to prevent



cbllapSe of the tube on compréssion fitting. A
standard 1 in. OD — Y in; 0D reducing cdupling could
now be used. | |
A modification to the Ermeto coupling was made
in order to remove the‘sharp break in the internal
diémefer. The coupling barrel Was'ﬁachined iﬁ such
a. way that a funnel shape was introduced, and this
sefved to>introduce the source capsule smoothly into

the end;piece.

¢.  DESIGN OF THE TELEFLEX ELECTRIC OPERATOR

Thé,Telefléx electric operator ié shown in
Diawing (W 7);-,This eledfric operator'Was fabricated
by Teleflex Timited, and is a modification of their
standard windoW'operatibh driviﬁg gear. ‘This'paré
ticular operator was built in:théir workshops to
meet the spééifications‘giVen below. By using a
4 in. dia. drive gear wheel, the Teleflex cable'moves‘
12,67 in. in either direction. This 4 in. dia. |
'drivihg Whee1'forms thékbaéis of the Cable_drive

-meChanism,iﬁ‘fhe electiic'operator. The cable drive
- wheel is coupled; through a'reductioh;géér box, to
the eiéctric ﬁotor.v‘lﬁ was fequiréd.to give’an out-
= pﬁf of 70 RPMAbnlthé cablé_drive‘Wheel,'and this was

accomplished‘by’using.a 2,800 RPM 3 phase reversing



45.

electric motor; through a 40:1 worm gear réduction
gearbox onto the output drive shaft,

Drawing (NT 7) shows that the owtput shaft is
coupled to a slippiﬁg clutch arrangement, which incon-
porates a Ferodo type clutch plafe to engage the 4 iﬁ.
dia. cable drive wheel. . |

This, as pieviously menfioned, is & safety
precauvtion, should the source capsule become jammed.
In such an'eVent, fhe driveuwheel‘can run freely
relative to the motbr; and éo avoid damage to the
source cépsule, and serious damage to the eiectric
motor. | ’ |

The‘pressure'dn thé drive'plate can be increased
by compressing the disc spring onto the clutch plate.
The drive‘p1ate ianrporatés a runningVCam device,
vthe-Cam'fraveiliné béfWeen two' preset Burgess micro-
switches at the expoéed»and_éafe;pQSition;

VThé startef:for-thé<elec%riqtoperator,:containing
. forward, reverse and stopvbuttons,'is connected to
the limit switches 'f’,hroughﬂ an isolator, stopping the
motorvautomatically at the eiposed poéition. As an
éxtra]saféfy precaﬁtion a physicai stbp~is provided.

- The Teleflex céble‘contains a‘metal'stop,attached to
_the spent traVe1 ehd, whioh arreStS‘fhe cable and

prevents any further movément of the drive wheel,
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Plate 2. shows the electric operator'mounted in

position.

-De - : DESIGN OF INTERLOCK

The electrlc operator is situated on the out51de
wall of the concrete shield, pos1t10nﬂ$, Drawing
(NT»G);}in a position most suitable to'aocommodate
the whole length oflTeleflek cable (1;e. 75eft.)
and, in particular, the18_ft.»of,spent trevel._'b
Before reaching the operator,the cable passes over 8
4 in. dia. drive wheel. which is Sifuated‘at ‘the end

_of the 1 1n. dla. duct which passes through to the |
}control face (Plate 2) ThlB 4 in. dia. drlve Wheel
1is coupled to»a 10 ft. exten51on shaft Wthh passes

through to the control face. A 1 1 bevel _gearbox

L connects thls extenslon shaft to the 1nterlock mech-

anism and is shown in Draw1ng (nT 4)

- When the motor is actuated, it drives the cable
wheel which in turn. rotates the extenslon shaft and
'-ldlrectly couples the source movement to- the inter-
1ock1ng dev1ce. | |

'Detall of Interlock

The source 1nterlock is coupled dlrectly to the
cable;movement. The cable moves 12.67 1n per

revolution of the drlve wheel. Therefore, to travel



the total 18 ft. we require 18 x 3 x 12 revolutions

17 revolutions of the

dfive wheel

Cable speed 70 RPM

i

Time taken to travel 18 ft. 17 x 60 sec.,

7‘5 .
= 14,5 sec.,
- Drawing (NT 4) shows the'source intérlocking device,
which operates as foilows:

(i) the source travel ig transmitted by 1:1 gearing

to the upper spindle of the T-drive bevel box (Item.4),

(ii) the bevel box is coupled to‘theroutput shaft of
a 25:1 Crofts worm gear reduction gearbox (Item 3),
(iii) an 8 in. diameter bfass iﬁterlocking disc
»(Item 2) is keyéd to the output shaft of the gearbox,.

(iv) a Gastell bolt Llock (Item 1) is used to lock
this disc in positioh. v '

The 25:1 reduction on the owtput shaft of the
Crofts gearbox provides that'the interlocking disc
will travel 17/25 revolutions in relation to the total
travel of the source from the safe to the exposed
positiqn; i.e, the disc moves almost % of a complete
revolubion as thé source travels the'COmﬁiete 18 ft,

The disc may beyldcked in position by throwing

the bolt as shown in the drawing. At the same time
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a micro-switch is opened, so cutting the eléCtricity

supply to the starter switch of the electric operator. -

The source capsule 1is now in thé safe position., The
keyvC1'may now be rémoved from the 1o¢k,'and used to
dperate the corridor gate lock shown in Dréwing
(¥T 5). On inserting key ¢1 into the gate lock and
turning, this frees key (2 which can nonbe used %o
 open the corridor‘gate. ‘When the dorridof gatebis
open key 02 may be removed, but key C1 remains .
"trapped in the gate lock, ard so the source travel
mechanism cannot»be operated.‘ At thls p01nt it 1s
'safe to enter the irradlatlon chamber. |

After leaving the source.chamber and locking the
,Qoiriddf;gate:(i.e.*with;key 02), key 01 may.be
- removed from.the’gateflock, and returned to the source
ihtérlobk'position;f KéyvCZ-is now trapped in fhe' ‘
gate 1ock‘and cannot be'furnedkiﬁdependently'to open
the gate.. | L " n o

U81ng key 01, the 1ock1ng dlSC can ﬁow‘be
‘-reléased and the electrlc operator actuated.' As the'
'source capsule mOVeS to the exposed p051t10n‘the
"1ock1ng disc rotates %»of a revolutlon.v A% the‘_
exposed p081t10n the 1ock1ng dlSC comes to rest in
such a p031t10n that the bolt bannot be " thrown, lee,

key 01 cannot be turned, and remains trapped in the
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lock, With»the soﬁrcevcapsule exposed, it is impos-
s8ible to remoVe key Ci, and therefore impossible to
open the corridor gate and gain access to_the
irradiation chamber.

PlateIS. éhows the comﬁléted source interlock
With‘cover. An suxiliary handle may be used to
operate the source travei mechaniSm;ménually.

- Manual operation{ﬁay be réquired ifohe-elec—
tricity su?ply fails,'and was in fact necessary on
: 6rigina1 1oadihg of theFSOurée capsulé. By releasing
the slippihg élutch; the cable and drive wheel assembly
can be‘moved élowly by hand.

The source intérldck'still,dberates under
manual'conditipns and ‘it is impoftant to note.that
the inferlocking‘device caﬁ only fail-safe, i.e. it
is impossible to enter the irrédiatioh chamber until

the source capsule is in the safe’position.

E, _  | DESIGN OF THE CORRIDOR GATE.

| The corridor gate sérves fo provide a barrier at
the entrance to the irradiation chamber. Drawing
(NTxS)vshows fabrication details for the corridor
| gategfwith particular emphasis to the double Castell
gate lock, After setting the gate lugs into the

concrete, the gate was placed in position. The lock



was fixéd to the precise dimensiohs shown in the

drawing. It was necessary to obtaln a preclse

flttlng so that the gate catch: and the 1ock operated

correctly.
- The corridor gate 31SOloperates a“switch.on
closing, Which Iau'boma’ci(:ally switches off the lights

1n the 1abyr1nth corrldor and 1rrad1at10n chamber.,_

ThlS serves as a warnlng should anyone remain in the

1rrad1at10n cell.
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A. DESCRIPTION OF SOURCE CONTAINER

The source shipping container was constructed éf
lead encased in steel, weighing approximately 6,500
pounds, and overall dimensions of 40 in. long, 30 in.
wide and 44 in. high. A detailed drawing of the
container is given in Drawing (NT 1). This shows
that aﬁ average thicknesé of 10 in lead shielded the
source capsule in all directions, sufficient fo
maintain the fadiétion level on the outside of the
containef within the accepted permissible levels for
handling, (i.e. 2.5 mr/hr). This container was used
to transfer the source from Chalk River to the
Imperial College site. |

The disédvantagevof'the shipping container
(lead coffin) shown in Drawing (NT 1) is that no
provision is made for unloading the source. For the
purposes of this design,’it»was therefore neoessarj'

fo modify the shipping container, in order that the

source~capsu1e‘could'be withdrawn directly on removing

the lead plug,vwifhout using elaborate remote handling

equipment.

B. SUGGESTED METHODS FOR UNLOADING THE SOURCE CAPSULE
The source capsule, attached to a 0.272 in. dia.

stainless steel rope, is retained in the spebial
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cavity provided in the{lead_container (Plate 4).
In the manufacturing'process the Teleflex‘cable is
guenched in a hydrocarbon 0il after heat treatmént.
The purpose of the stainless steel rope, which provides
an 18 in. separation between thé Peleflex cable and
the source capsule, is to protect the lubricant of
the cable if the éource éapsule were to be used in
a closed system at highvand low temperatures, and
| also to protect the lubricant against radiafion
effects. 'EXperience with this type of design has
shown that no detrimental effecfs are observed in the
Teleflex cable after five years of operation (59).
Unloading of the lead container Wés to be
performed as follows:

(i) the end of the stainless steel guide tube in
‘the exposed ﬁosition woﬁld‘be:provided With an
inverted cone arrangémenﬁ to facilitéte entry of the
source capsule into the tubeg ' |
(ii) the coffin to be placed in the source chamber
under the guide tube,

v(iii) the stainless steel rope, attached to the source
capsule, passes through the upper lead plug of thé
coffin, and the free end is available for direct
manual attachment fo fhe Teleflex cable,

(iv) the lead plug would be raised by means of a



hoist set up in the‘source chamber, and lifted clear
of the guide'tube. Operation of the hoist would take
place from the control face,

(v) the capsule would be withdrawn into thé guide
tube and storage positicn by retracting the Teleflex
cable manually, The COffin'may then be removed from
the source chamber. | |

In this,wam*unloading of the source capsule
could be achieved botthuickly and safely, providing
the lead plug could be modified so that the stainless
steel rope is brbught:outside the coffin 1id, without
oauéing any radiation hazard., Three ways of doing
this were considered: | ‘

(i) by providing a slot down the whole 1ength of
the lead plug, | | |
: (ii) by providing a slo% in the heék of the coffin
and élongside the lead plug. This was undesirable
because it meant modification of the coffin itself,
(iii)vthe:leadvplugvshould be split andAslotted, 80
'that when it'is raised it falls aﬁart and frees the
stainless steel»rope.

The stainless steel ropé is reasohably-flexible
and can be bent to a minimum radius of about 2 - 3 in.
but care must be taken in‘the design, to avoid the

rope becoming rigidly clamped, e.g. it may set in
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position, so preventing ready access to the guide

tube.

C. DESIGN OF THE MODIFIED LEAD PLUG

Thg most satisfactnry.way ofrmodifying the lead
‘plug was to providé a-slot arrangement whereby the
stainless steel rope can be fed'roﬁnd the lead
plug, allowing the connecfor to be fréely accessible
‘above the 1lid. |

Dfawing (NT 2) shows the modified plug in detail.
The plug is ﬁade up in three sections, the lower
section remaining in the container,;thé_source being
drawn out through a hollow tube in thevcenfre. The
centre plﬁg is machined to provide an outlet fof the
rope., The plug has an overall diameter of 10 in. and
is}7%’in. deep. A section of the plug is cut away
in order to form a OfS in, path alongside the plug,
the fop and bottom teing chamfered at 450, so that the-
':robe'may pass round the plug easily without being
trapped in position., A funnel arréngemént leads
~the cable into a 0.5 in., groove énd ﬁp alongside the
plug. |
| The total length of the source capsule and

stainless stéelvrope is 26,375 in. A 4 in. high spacer

was used in the coffin to position the source in

55.
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such a way that 5 in. of rope and the connector
protruded when the centre ,plug'awaé in position.

The rope can now be comnected to the Teleflex cable,
without danger from radiation exposure, and the source
capsule unloaded as outlined abovevand described. in

detail in Section 11.
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A. GAMMA WARNING ATARM

‘Theﬂprinéipal hazard in this type of irradiation
cell is from direct gamma radiation. An automatic
radiation mohitor is thergfore located in the cell,
to give Warning of‘an unsafe radiation level in thev
source chamber when the source capsule is in the
store position; This could arise if the capsule is
damaged and thé guidé tube becomes conteminated with
cobalt;

The monitor consists of a high current Geiger
counter tube (halogen quenched) situated in the source
chamber and operating an alarm unit at’the control
face (60, 61). Shouid the radiation level in the
soﬁrce'chamber.exceéd 100 mr/hr (40 mpl), the current
from the Geiger tube operates a red warning light
and a warning bell, |

The Geiger counter tube in the sourée chaﬁber
has a limited radiation lifetime, and, therefore,
the operating voltage is automatically switched off
as the source capsule moves to the exposed pogition.
A micro-switch is operaﬁed'at the interlock, by a
~catch fitted tQ the interlbcking disc, This switch
opens as the source capsule moves to the exposed
position, and is closed just before the source capsule

returns to the safe position, i.e. supplying the



volfage to the Geiger tube.b L test button is provided
on the instrument. in ordef thatlthe alérm signal and
light can be tested when the source is in the exposed
position., The co—axial‘cable connecting the Geiger
tube to the alarm unit passes through the 4 in. dia.

duct shown in Drawing (NT3 - item 2).

As a water supply is occasionally required
Withih the source chamber, a cold water supply point
and drain leading out through the Shielding to waste,
is provided. The water flow may also be controlled
in case of emergency by a master tap at the control

face,

C. ELECTRI CITY

Three power points are pfov1ded in the source
chamber, and these can be 1solated by a master

switch at the control face,

D. | PIRE EXTINGUISHERS

An automatic carbon dioxide blanket fire
extinguishing system is provided in the source
chamber, This consists of a 002 cylinder, placed in

the corridor approach just behind the corridor gate,
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11nked to two 002 eaectlon nozzles in the source
chamber.‘ The alarm and eijnguLSher mechanism is
triggered by a pick-up in the source chamber, which
operates by Gifferential temperature rise in the cell,
'Should there be a sudden rise in temperature, e.g.

as in a fire or explosiqn; the'GOé is automatically
released at a pressure of 80 lb/inz, and an 8 in.

dia., fire alarm bell sounded. BSufficient CQZ is
released to blanket the complete cell and haif of

the labyrinth corridor.

E. AIR BEXTRACTION SYSTEM

For many practical experimenfs it is necessary
to maintain the source capsule in the expoéed~position
for many days or even weeks. A kilocurie source,
confined in a small space, can give rise to appreci-
able concentrationsof ozone by-ionisétion of the air,
and élso of oxides of nitrogeh. This could prove
serious unless an adequate air extraction system is
provided, It is also not uncommon for other toxic
vapours to accumulate in the source chamber from
éxperiments; |

Drawing (NT 3) shows the position of a duct,
6in., x 3in. x 4ft., which passes throﬁgh the concrete

shield. Ten complete air changes per hour were con-
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sidered necessary to remove trace éuantities of xic
vapours from the sourGe ché@ber and half of the
labyrinth corridor, i.e. for a volume of approximately
500 £+, A rotary vane extraction fan was fitted on
the outside face of the ventilation duct, giving
1,000 RPM. |

When the source was in the exposed position for
long periods, it was later found that the air vén-.
tilation was not sufficient and that ozone could be
detected at the control face, This was considered to
’be due partially to back suction of air‘from the
sourée_chamber to the control face byvthe'méin
laboratory ventil ation plant which extracts air.from ’
the adjoining laboratory. The original fan was.
therefore replaced by a second fan of the same type,
rating 1,500 RPM, which gave satisfactory ventilation.
Under normal working conditions, the fan is kept

operating continuously.

F. LEAD GLASS VIEWING WINDOW

A small viewing window is provided in the concrete
shield. Using one mirror, placed in the corridor
H, Drawing (NT 6), samples and source tube can be
seeh from the control face without actually entering

and intearupting an experiment in the irradiation cell.,



It is not necesséry to use radiation stabilised
glass for the window as the radiation doée rate on
the inner face of the wall, i,e., position E, Drawing
(NT 6), is only of the order of 200 - 300 mr/hr.

The complete ﬁindow, therefore, consists of two
unstabilised glass blocks of density 2.5 g/cm3 and
dimensions 5.75 X 5.75 x 8.75 in. thick, These
blocks were held in position in the iron frame (set
in the shield) by means of rammed lead wool. There
is a gasket at the 0.5 in. gap between the blocks
and this gap is provided with a dessicant to'prevent

condensation.
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TESTING OF THE SOURCE TRAVEL ASSEMBLY

After construction of the irradiation cell and
asSembly of the source.travellmechahism,‘and'before
the actual loading of the active cpbalf capéule,

'the complete mit was tested. |

A dummy capsule; idenfical in every detail 0
the active source capsule, was attéched to the
Teleflex cable as follows: |
A stainless steel rod end (0.312 in. dia. 1.5 in.
length) sWaged to the Telefiex cabie was fitted into
the coupling on the stainless steel rope attached to
'the source capsule. This couplinglwés also fabricated
from stainless steel, andeas 3 in., overall length
by 0.437 in. dia. The rod end was pushed into the
" connector and held in position by two grub screws,
This was only avtemporary'arrangement for the dummy‘
capsule, and was disconnected after thé test périod.

 The limit switch on the eleétric operator was
then sét at the exposed posifion by moving the dummy
'Qépsule until it just touched the end of the guide
tube end-piece, The Qapsule'was retracted 18 ft.,
measured on the spent trével,_to the store position,
and the other limit switch adjusted. The two limit
”switches now governed the exact distance of travel.,

The slippiﬁg clutch was then tightened until there
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was no freevmovemgnt'relativé'to the interlocking
disc. . |
. During the test period of one month, the qummy
source capsule was moved from the store to exposed
position and back about 300 tinies. ‘The 1nterlock, the
1limit switches and the time of travel (14 seec.) Were
frequently checkedf Durlng thls time 1t Was ‘expected
that the Teleflex cable might stretch 0.5 - 1.0 in.
and it was in fact found neceéséry to readjust the
1imit'switches after the ﬁést pefiod; '

Lubrication of the entire cable is usually
advised by the manufécturers,'bgt it was considered
that this:mighf lead to‘depositioh of grease in the
end piéce of the irradiatibn tube, If so,vthere might

be SOmekhardening of the grease by radiation; which

,‘mlght in turn lead to Jamming of the source, Zinc

‘ox1de based grease Was, however, applled to the spent
)  trave1 end of the cable, i.e. where it passes over
the electric operafof drive. | |
During the test perlod the 002 fire ext1ngu1sher

isystem Was also checked.



- SECTION 11

INSTALLATION OF THE
SOURCE CAPSULE

A. PREPARATION FOR UNLOADING
B, UNLOADING -

66,



67 .

A, ; PREPARATION FOR UNLOADING

Immedietely after arrival sn the Coliege site,
the lead transport‘coﬁtainer was monitered by fhe |
Health Physicist. Radistion levels around the
- eontainer were 1ow, and within the maximum permis-_
sible levels, i.e., (2.5 mr/hr). The top plug was
then removed, expoSing the protruding stainless
:sfeel rope and connector, and the centre plug.

The dose rate immediately above the channel in the
centre plug, which 1eade dowh to the source capsule,
was approx1mate1y 40 mr/hr. |

r The top plug was replaced and the lead contalner
was moved on rollers into the .source chamber,

The totai»height of.the container;including
top'plug,-was 45.5‘in.,’whiist the end of the guide
tube was 47,5 in. from floor level. ‘The container
- could not be‘placed‘directly‘ﬁnder the guide tube
(oentre'to oentre),:ahd was therefore positioned
: 5din. off centre (Plates 5, 6»end‘7) The centre
plug (10 in, dis. by 9 in.. total depth) could now be
‘1lifted clear.
| A small funnel—shaped end piece was attached to.

| the end of the guide tube to prov1de a smooth entry
| ~for the source capsule (page 53).,

A 2 in. dia. eye-bolt, required for hoisting



the céntre plug, was set in the ceiling, directly
above the centre of the container (Plate 6). A

second 2 in, dia. eye-bolt_Was screwed into the centre
plug and a "Haltrac" nylon hgist, capable of 1if£ing
1,000 1b,, was suspended between these two eye-bolts.
As the guide tube was positioned 5 in, off centre, it
was therefore ppssible to raise the-plﬁg»(weighing

220 1bs.) until the hoist was choc-a-block.

To avoid~jaﬁmihg the source capSule on removal
from the locating tube in the coffin, it is essential
first to raise it 6 in. by a vertlcal pull. This
can be achleved by (i) pulllng the raised centre
plug to one s1de, by means of a wire passing through
the 4 in. duet to the control face, and then (ii)
pulllng the gulde tube, by a second w1re, into a
;pos1tlon_d1rect1y over the centre of the locating
tube.‘ This operation was tested‘prior to unloading.
Plate 6 shows the hoist and pulllng eres in the
cell. |
| The compiéte unloading operation can be carried
out frOm the control face and observed through -
mirrors placed at each corner of the labyrinth

-

-corridOr.
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B. | . UNLOADING
The unloading schedule was as follows:

(1) the S6urcé éapsulé was attached to the
-Teleflex cable'(Plate 7)} The coﬁpling.was secured
by driving.tWo siottedyand tapered metal pins through
two holes drilled at right angles through it. This

- method of connecting ensured that the éoupling could’

not slacken or break apart on continﬁél operafion
_ of the source, |

(11) the Teleflex cable and coupling were pulled

- into the guide tube by manual operation of the source
travél mechénism,

(iii) the lead plug was raised slowly, pulling from
the control face. Dose rates around the coffin did
not exceed 100 mr/hr until the plug was raised free
from the coffin, '

(iv) once the plug wasfcompletély raised (Plate 8).
it was pulled to one side,

(v) the guide tube was now pulled directly over
the centre of the coffin,

(vi) the source capsule was raised slowly into the
guide tube and drawn back:to the store position,
Dose rates in corridor H, Drawing (NT 6), were
apﬁfoiimately 300 mr/hr‘When the source was freely

exposed before entering the guide tube. Plate 9
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.shows the capsule at this point.in the operation,
(vii) the interlocking disc was locked in position,
and it was safe to enter the source chamber.

The lead coffin was removed from the cell, and
the guide tube end piece'placed'in position. The
electric dperator was carefully reset, the slipping
clﬁtch-tighteﬁed; the source travel and interlock
contrql were tested and found to}function satisfac-~
torily. | -

‘ The~¢om§1eté unloading operation was performed
_in 60 minutes. All’personnél engaged.in the unloading
Wére subjé¢t to ‘Health Physics Supervision. No

persoﬁ receivedla dose greater than 20 mr.
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A. - INTRODUCTI ON

A number of methods are available for the dosimetry
of high inteﬁsity gamma ray sources, e.g. calorimetry,
and solid state and chemical dosimeters.

Properties of the ideél dosimeter are that it
should be indepeﬁdent of dose rate, of tofal dose, of
radiation energy, of small temperature ané pressure
changes and furthermore should be gimple and con-
venieht to use, | |

PFricke and Morse (62) fifst suggested that the
oxidafion_of ferrous sulphate solutions could be
used as a ddsiméter for high energyvgamma radiation.
The use of ferrdus suiphaté as a dosimeter has been
Widely discuséed;(GB - 66); particularly the effect
of organic impurities on the rate of axidation.
Dewhurst (64) demonstrated that the présencé
ofAchlofide ions WOuld-inhibit the oxidation of
 ferrous1ions by organic impurities.,

Hochanadel and Ghormley (67) obtained the yield
~ for gamma ray ox1dat10n of ferrous sulphate in air
saturated 0.4 M sulphuric acid solutlon; The value
was’ based on a calorimetric measurement of gamma

ray absorptlon in Water, and gave the G valuemas

j15.6 0. 3 ferrous ions oxidised per 100 ef'absorbed.

- This result compares satisfactorily with similar work



carried out by Liazo et al (68) who also measured the
oxidation of ferrous sulphate by calorimetry and

obtained a G value of 15.8 * 0.3. A wvaluable

contribution to ferrous sulphate dos1metry came when -

1t was suggested that 1rradleted solutlons of
ferrous sulphate could be analysed foreferrlc 1dn
concentration by direct speetrephotometric measure—
ment of the absorbancy at a wavelength of 305 %/4
(69, 70), This method is now widely used and is

a gquick and reproducible means of measuring gamma.
ray energies (71 - 73). More renent papers (74, 75)
have dealt with the various mechanisms of the
oxidation of ferrous Sulphate soluﬁions‘and the

| development of the‘method to high energy gamma
radiation and fast electrons. Ceric sulphate is

a useful chemlcal dos1meter in the range 105 ; 107
rads, and has the advantage of not belng oxygen
dependent as is the ferrous ferrlc system. Ferrous~
"ferrlc ox1dat10n only glves satlsfactory results
when used in the range 4,000 - 40 000 rads, i.e.
untll all the available oxygen is used up.
Saturatlon of the. system Wlth oxygen extends the»
useful range five- fold. A number of solld state'

dos1meters have been descrlbed for callbratlng high

1ntens1ty gamma ray sources. Thus paly v;nylh

T3,



.chloride films and various glass dosimeters can be
used at high doses (79 - 81), i.e. in the range from

104 to 2 x 'IO6 rads.

B. EXPERIMENTAL DOSIMETRY OF THE SOURCE

Approximately 10™2 M ferrous sulphate solution
was prepared by diSsolying.the foliowing reagents

in 11 of distilled water.

Nall | | AR:  0.06 g
H,30, | | ARG 3,00 mls.‘

5 ml. aliquots of this solution were transferred to
stoppered test tubes of diameter 12mﬁ£ The test

- tubes Were‘placed near the cobalt source and
'1 distances were measured from the centre of the source

fto‘thekcentres of the test tubes. The solution in
eaéhvéaSe was irradiated to receive 10,000 - 30,000
‘rads. The optical densities of each sample were
measured at 304vég1 in a Unicam S.P. 500 spectro-
 photomev¥er, using unirradiated solutions as a

blank,

Galculation of Results
| The résuits obtained on three independent

determinations are shown in Table 3. The dose rate

T



was determined as foll

ows, assuming the G wvalue

for ferrous ion = 15.50 molecules per 100 eV (73).

Optical density 0.D. =

where E #

i

C

1=

Excecxl ‘
extinction.cdefficient
concentrationvof solution
b(moles/l.),v |

thickness of solution

For 10mm optical measuring cells 1 =1

.... o = O.Do X 6¢

C = emmm—

025 x 10°° molecules/1.

E
= 0.D. x 6.025 x 1027 x 100 eV/g
B 1545 1000
1irad = 6.24 x 1017 &V/g |
.’ dose = 0.D. X 6.025 x 1022 rads

E 15

.5 % 6,24 x 1012

5.

in water

,0pticalvdensity varies 0.7% per degree above 20°C (73).

0.‘ . O.D.QOOC = O
‘where t = T
and T =t

‘D‘TOC (1 - 0.007 %)
- 20
emperaturé of sample

22

So dose = 0.D. (1 = 0.007t) x 64025 x 10
E

rads

15.5 x 6,24 x 1017



Using values feported by Haybittle, Saunders and Swallow

(73)
Concentration of :
Sulphuric Acid Temperature £
. . ) ¥ ]
0.1N - 20°% 2115
0.8N | 20% 2094
Substituting E = 2115 for 0.1N H2804
Dose = 2.94 x 10% (1 - 0.007t) x 0.D. rads

Results in Table 3 were calculated using fhe above
equation and g»calibrationjcurve of dose rate plotted
against diétance was prepared (Fig.'5). The dose
rafe.is pfdportionél fovthe distgnce accordiﬁg to the
inverse square law, and Fig: 5 shows that a semi-log.
'plot'gives a straight line of slope approximately -2.
| Hdwe#er;<at points closer than 6 cm., the geometry
of thevsouréefis less uniform and the points‘deviate
- from the straight line. A% points 15 em. or further
away, the dose distribution becomes more uniform.
'ASsumiﬁg, théfefofe, that the source cen be treated

as a point source at distances of the order of

_100‘cms;, the specific source strength may be obtained

from dose rates measured at this distance.
60 13,5 r/hr/me at 1 em. (56)
. Dose at 100 cm = 13.5 x 10™F r/hr/me.

k factor fqr'Co
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 TABLE 3

DOSE RATE MEASURED IN NOVEMBER 1959

76&9

I e
1.5 | 30 sec 1,43 1.08 1,30 23,04
1.5 30 sec 1.43 1.03 1.24 25.0
1.7 | 40 sec | 0.61 1.76 1.58" 22.5'

1.7 30 sec 0.37 1,07 1.28 22,5]
3.0| 2 min 0.46 1,54 0.40 22,5
3.0 2 min 0.89 2,54 0.76 23.51

| 3.0{ 1min | 0.33 0.95 0.57 | 22.5
4.5 2 min | 0.41 1.18 0.35 }23.0

4.5 2 min 0,47 1.25 0.37 23.5

' 6,0| 4 min 0.25 1.24 0.19 22.5]
6.0 8 min | 0.54 1.56 0.23 | 23.5

8.0 7min | 0.57 1.65 0.14 | 22.5]
10.0| 15 min | 2.00 1,42 0.06 25,0
{10.0] 15 min | 0.86 2,45 0.10 | 23.5
' 10.0| 10 min 0.58 1.66 0.10 22.5]
12,0 18 min | 0.72 2,10 0.07 22,5/
15,0 25.min | 0.67 1.92 0.05 22,5
{18.0| 25 min | 0.48 1.37 10.03 | 23.5
20.0 | 30 @in 0.93 1.38 0.03 {25.0
100,0 | 17,83 nrs | 0.73 2,10 10,01 23,5
100,0 | 17,08 hrs | 0.72 2,08 0.01 23,0
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Experimental Dose at 100 cm = 1.22 x_103 rads

1.22 x 10°  moe.
13,5 x 10~%

il

Specific source strength

936 curies

This calibration dcos not take into account losses
' dﬁe to self absorption in the source capsule or

self shielding in the source tube.

C. THE INTENSITY OF GAMMA RADIATION EMITTED BY
A CYCLINDRICAL SOURCE

Véry few attempts have beén made to calculate
the dose rate emitted by a solid cylindrical source
of cobalt—6OQ Several WOrkers have developed
equations to oaloulaté the intensity of radiation at
the centre of a hollow cylindrical source (82 - 85)
in order to plot the distribution of radiation dose
 iQe. plot of isodose curves. Elementary calcula-
tions of dose rates from cobalt sources are usually
based on thevassumption*that thé source may be con-
sidered as a point. However, for a solid cylind-~
‘riogl source of finite size, the geometry of the dose
diétribution at points close to the axis of the
source becomes critical and cannot be treéted by
- point-source calculations. Magat'and‘Reinisoh

have considered various source shapes and calculated

TT7.
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the approximate dose-distance relationships to be
expected. A rather more fundaménfal treatment is
given by Kovalev (87) who_has:considered the dose
rate at a given point along the axis of a solid
cylindrical source., An analytiéal expression‘
involving only tabulated functions is presented,
which may'be used when neglecting self absorption of
the source, A self absorption factor has also been
tabulated in this work, for sources with wvarious
absorption coefficients and for cylindrical sources
of different height:diameter ratios.

Assuming an active source length of 0.395 in.
diameter by 4.5 in., long, then according to Kovalev,
the self-absorption coefficient (Table 4) may be
calculated as follows:

‘ Iﬁ&o = linear absorption coefficient for
| cobalt (density 8.9 g/cc)
0.22 cm™

D> 2.5 i.e. oD

= O¢395 in. = 1.0 cm.,

/uoD = 0,22

From Table 4, self absorption coefficient = 0.8

Y o=

s Specific source strength = 936

= 1170 I 5% curies



79.

According to A.E.C.L., 1,200.curies of cobalt-60
Were'supplied and this would have decayed to 1,170

at the time the dosimetry was carried out.

PABIE 4
SELF ABSORPTION COEFFICIENTS (87)

H/b’ )
0,50 1.0 1.5 2,0 {1 2.5 | o
JpoD
‘o t 1.000| 1.000 | 1.000 { 1.000 | 1.000 } 1.000

0.1 § 0.967 | 0.958 |0.952 | 0.947 | 0.942 | 0.853 |
0.2 | 0.951 | 0.920 |0.912 } 0.904 | 0.896 | 0.797
0.5 | 0.903 | 0.884 |0.871 | 0.863 | 0.852 1'0.753A
0.4 | 0.880 | 0.856 |o0.838 | 0.826 | 0.812 | 0.713
0.5 | 0.852 | 0.825 |0.808 | 0,793 | 0.780 | 0.676 |
0.6 | 0.832 | 0.800 | 0.777 | 0.762 | 0.744 | 0,640
0.7 } o.811 }0.773 |o0.750 | 0.730 | 0.714 | 0.609
0.8 | 0.790 } 0.750 |0.725 | 0.700 | 0.686 | 0.578
0.9 } 0.771 | 0.730 |o0.698 | 0.673 | 0.656 | 0.552
1.0 | 0.752 0.704 |0.676 |0.648 | 0.631 | 0,528

height of source (cms.)

m.
1l

D = diameter of source (cms.)
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PLATES 1-9
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EFFECTS OF RADI'A'TION
0N |
IJION EXCHANGE RESINS
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SECTION 13

SURVEY OF PREVIOUS WORK
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Ion éxchange finds a limited application in
the chemical reproceésing of spent reactor fuel
elements, of a@ueous homogeneous reactor fuel (88)
and in the recovery and concentration of plutonium
from waste solutions (89), Mixed bed demineralis-
ation 1s also used to,purify water in water-cooled
reactors.,

Cathers (90) and Hammond (91) have outlined
the major problems associated with the use of
process reagents under high energy ionising radiation;
The magnitude of the chemical changes produced by
theﬁbadiation of organic materials such as ion
exdhéhge'resins, may be sufficient to render them
useless for chemical processing. |

Maﬁy workers have studied the properties of
irradiated ion exchaﬁgers(92- 107). Resins have
been'exposed-to cobalt-60 gamma radiatioh, X-rays,
beta radiatibnvby radio—isotopes adsorbed on the
functional groups and also by nuclear reagtor
irradiation.
| Higgins (92) showed that the capacity loss of
- the strong acid (sulphonated polystyrene) resin
Dowex 50, when irradiated by cobalt-60 gamma
radiation and also by beta radiation from

oo 144 144

- Pr adsorbed on the resin, was of the
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order of 10-20% ﬁer watt. hr. g. of energy absorbed.
The/papacity loss calculated from titration of the
resin, agreed with the sulphate ion concentration
releaséd on irradiation. Variations were attributed
to experimental error.. Higgins postulated that

the bond holding the active sulphonate group to

the polystyrene skeleton,is broken, It was also
found fhat Dowex 50, with uranyl ion adsorbed,

lost 8% capacity per watt hr. g of radiation
abgorbed. No physical degradation éffects were
observed. Dowex-1, a quatérnary ammonium polystyrene
resin, lost 40% capacity per watt.hr.g. The colour
of the resin changed from pale yellow to reddish
brown and}the odour of amines was observed.

An extensive study by Fisher (93), showed
radiation degradation effectsina variety of sulphonic
acid based resins, also strong and weak base anion
éxchangers. Capaéityvlosses Qf the order of ‘

12% per watt.hr.g. were observed with the strong acid
exchangers, and attempts were made to explain the
results by means of a satisfactory mechanism.

Strong base‘quaternafy ammonium resins were found to
decompose liberating nitrogengous products in the
leach solutions. Irradiation causes a loss of

strong base capacity at a greater rate than the
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total anion exchange capacity. Fisher suggests
a step-wise mechanism, invblving first the loss
of a methyl group from the quaternary structure
and then the entire loss of the functional group.
Sufficient experimental evidencebto‘justify such
a mechanism was not obtained.

Wedemeyer (94) irradiated a series of ion
»éxchange resins, using a 60 kV X-ray machine,
and obtained a penetration of 1.3 mm, in air-dried
resin specimens. Oﬁing‘to the. low penetration of |
these X~rays, water slurries of the resiﬁs could not
be studied. Wedemeyer!s work showed that resin
samples were more stable to radiation, the greater
the degree of crosslinking. The effect of heat,
particle size and SOIubility were found'to.be
negligible, Semi—quanfitative analyses of the ‘
degradation products, of irradiated Dowex 50 resin,
shbwed no weakly acidic or neutral organic fragments,
The overall capacity 1oss cpuld/be approximately
accounted for by the amount of sulphur released
from the resin, two-thirds appearing as free
sulphaté ion, or as water-soluble acid fragments,
the remainder as higher molecylar weight water
insoluble sulphonic acid material. No attempt to

isolate degradation products of basic exchangers



TABLE 5

 RADIATION STABILITY OF ION EXCHANGE RESINS

Type of Resin

Loss in Exchange Capacity (%)

'Wedeméyér (94)

Fisher (93)

Higgins (92)

Nikeshina (95)

Nater (102)

Strong Acid:
Dowex. 50

(sulphonated
polystyrene)

Amberlite IRA-112)

_. » 120)
(nuclear sulphonic
acid)

Dowex 30 - -
Amberlite-105 -
(sulphonated
phenolic resin)

23

12

20

Shigematsu (101)

Weak Acid:
Amberlite IRC 50
Permutit H

Duolite CS 101
(carboxylic acid)

100

16

Contihued,




Pable 5 (continued)

85b.

Type of Resin

Loss in Exchange Capacity (%)

Wedemeyer (94)

Fisher (93)

Higgins (92)

/Nikashina (95)

Nater‘(102)

‘Shigematsu (101)

Strong Base:

Dowex 1 ‘
Amberlite IRA-4OO
Amberlite IRA—41O
Imac S4
(quaternary
ammonium
polystyrene resin)
Stamex S
(trianisole-
sulphonium
formaldehyde)

40

84
40

30
40

100

28

Amberllte IR—4B
(phenol

formaldehyde amine

resin) :
Amberlite IR-45
(styrene base
amine resin)
Dowex 3

(styrene base
amine resin)

13

53

19

34

o

16

‘Results show the capac1ty loss for a total dose of 1 watt.ar

radlatlon energy absorbed, i.e. 3.8 x 108 rads.,

Results of Shigematsu for a total dose of 3,7 x 107 rads.

-
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was made,

Stiong adi@ resins have also been irradiated
by Nikashina et al (95). Gdstachel et al (97 - 100)
using X-ray, beta and gamma radiation have shown
that irradiation of bifunctional resins of the
phénolsulphonic—formaldehyde type produces a change
in the exchange capacity and in the aqueous swelling
properties., The production of sulphate ions in
Jeach solutions has been‘found to account for
65 .- 75 per cent of the loss in sulphonate capacity.
It is suggested that the discrepancy may be ex-
plained by formation of bridges in the macro-
molecular lattice and interaction between functional
groups, - Nater (102) has irradiated strong acid
and strong baée resins in a nuclear reactor, but
the interpretation of thekresults is complicated
by neutron effects.

The results of the foregoing work (Table 5) show that
strong acid exchangers are approximately twice as
stable to radiation as strong base quaternary
ammonium resins, Carboxylic weak acid resins are
the ledst stable to radiation, whereas sulphonated
phenolic strong acid resins are the most resistant.
The poor chemical stability of the_phenolid resins,

however, would tend to offset the favourable
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radiation stability.

A great deal of the work that has been published
up to the present has been concerned with the
properties of cation exchangers. These have been
used for separation of individual fission products,
e.g. caesium-137 and strontium<90; where the
stabilify of the resin to radiation is important.

Anion éxchangers have also been suggested
for the chemical separation of individual fission
products (108), and have been used fér‘separation,
concentration and purification of plutonium (89),
FurtherAwork is required to obtain a more complete
knowledge of the radiation stability, chemical
decomposition and reaction mechanisms involved
when these resins are subjected to high radiation

doses,
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SECTION 14
PRELIMINARY INVESTIGATIONS
A. INTRODUCTION

B, EXPERIMENTAL AND RESULTS

C. DISCUSSION
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A. -INTRODUCTION

The anion exchange resin chosen for study was
one of the commercially available Permutit resins,
of the strong base gquaternary ammoniuﬁ'polystyrene
type, i.e., Deacidite FF. The structure of this resin

is as follows.

29

H - C - H
+
CH3 - ll\T - (',‘H3 (01{3)3
CH3 -
l 2
art
N (CHB)B

This consists of a quaternary mefhyl amino group
attached to a polystyrene skeleton which is cross-
1inked with divinyl benzene., The resin under inves-
tigation had the following properties.
(i) 7 - 9% cross-linking
(ii) 0.6 - 1.0 water regain, i.e. 0.6 - 1.0 g, of
water associated with 1.0 g. dry resin in the
chloride form

(iii) particle size 100 - 200 mesh.



The structure of the resin will henceforth be

designated as R - CH, - ¥ (CHg)5. Deacidite FF

‘resin may be compared with other resins shown in

Table b6,
TABLE 6
‘Duolite A = 42
Dowex - 1
A 101 ‘
- 21K
A 40
-2
A 102 :
Amberlite ~ IRA - 400 -
IRA - 401 Tewatit M 11 or (MN)
IRA 402
IRA 410 Wolfatit L
IRA - 411

The properties of strohg base resins of this type

are well known (109 — 112) and typical reactions

are as follows:

+ - =
(1) 2R - CH2 ~ N‘(CH3)3 Cl + 304

I
_— LB

+
= CH, - N (CH3)3] o S0,

—

+ 201

90.
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. o N + - ' |
(11) R - CH2 - N (CH3)3 OH + NaCl

+ . —

(iii) 2 R - CH, = N (CH3)3 NO3 + [%u (N03)é]

_._>E3; - CH, - K. (CH3)BZ]2 Pu(NOz)g + 2NO4

The affinity of anions for the resin largely
depends on_ the charge and radius of the ion, its
concen%ration and the pH of the solution. The

affinity of some important anions is in the order
50, =~ N0z~ > C1™ = OH™

the ion to the left is able to replace an ion to

the right more easily. The hydroxide ion is the

least strongly attached to the functional group.
The resin, which is supplied in bead form, is

stable to organic solvents, to strong mineral acids

and alkalis, and at temperatures up to 60°C both

in non-agueous and in agueous media.

B. EXPERIMENTAL AND RESULTS

(i) Preparation of Hydroxide Form of Resin and

Measurement of Capacity

Deacidite FF_resin is usually supplied in the

chloride form, andAmay contain small amounts of
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soluble coloured side-products, which are removed
before regeneration. ' Impurities are washed out with
deionised  water and methanol at 40 - 50°C.

It is récommended-by the manufacturers that the
resin be fegenerated by passing a 3% solution of
sodium hydroxide through a resin bed, two column
volumes being sufficient to give ‘an optimum
working capacity of 3.5 m.equ/g. Using this pro-
cedure, it was found only possible to achieve a
capacity of 1.4 - 1.8 m.equ/g with respect to (
‘hydroxide ion. OtherAworkersA(94) have experienced
difficulty.in converting the resin to the hydroxide
form, i.e., until no further chléride ions remained
attached to the functional‘groups;

By passing 250 ml. of 4% sodium hydroxide
solution (i.e, about 25 column volumes) through a
resin bed, over a period of 24 hrs., it is found
that gradual replacement of chloride ions takes
place, and the hydroxide capacity approaches
3.5 m.equ/g.

Hydroxide capacity measurement

" Approximately 1.0 g. of moist resin in the
hydroxide form is transferred to a 50 ml. beaker,
20 mls. of 0.1N sodium chloride solution is added,

The resin slurry is titrated against standard



(4 r

REGENERATION OF HYDROXIDE 'FORM: ' - ﬁi:H.ours Capalcuiy\(mch./g“)
’ | | T B 2.67

' 3:-20

| 5 | 3;33

24 3.46

Fig. 6.

°c e & a
w

2 4 6 8 10 12 | 4 16

‘*‘Mls./‘g, O-25N HCI



- 4.0p

mequygq,

’C_qpat;i‘ty

3':_0 .

N

-SRI

" INCREASE IN HYDROXIDE CAPACITY WITH TIME
B Fig. 7. e

-

Hours



93-

0.25 N hydrochloric acid using a glass electrode
and calbmel reference eléctrode with an automatic
reading pH meter. A pH titration curve is plotted,
and the end-point determined.

Previous work had shown that if the hydroxide
form is titrated against standard acid, in the
presence of water, the rate of réaction is slow,
and the end-point is reached only with difficulty.A
Sodium chloride rapidly releases into the solution
fhe OHlions‘attached to the functional groups, and

a straight acid ~ base titration follows, i.e.
+ -~
R-CH, - N (CH3)3 OH + NaCl

, + -
~—» R - CH, - N (CH3)3'Cl + NaOH

NaOH + HC1 —~e»H20 + NaCl

Thus, equilibrium is reached rapidly and the
titration end-point, i.e, capacity, may be obfained.
Typical strong acid - strong base titration curves,
with end points at pHT, are obtainéd in the hydroxide
capacity determinations (Fig.E). The capacity
inCreasgs as the resin remains in contact with the
sodium hydrdxide solution until a limiting capacity
of 3.5 m,equ/g. is reached after 24 hrs, (Fig.7).

Resin samples are dried at 100°¢ for 20 hours,






and weighed in the chloride form, and the capacity
expressed as milliequivalents per dry gram (weighed
in chloride form).

Chloride capacity

Resin samples are convertéd combletely to the
chloride form by 1each;ng with 4% hydrochloric acld,
Excess chloride ions are removed by washing with
distilled water. The resin samples are placed in
a filter fumnel and washed with 4% sodium sulphate
solution, the filtrate being collected in a 100 ml.
standard flask. '

The»filtrate is anelysed for chloride ionms,
by taking a 10 ml. aliquot, and titrating against
standard silver hitrate solution using potassium
chromate aé indicatof. Reéin samples are dried at
100°C and weighed in the sulphate form, Capaoity is
expressed with respect to chloride ion, as milli-
equivalents per dry gram.

(ii) Irradiation of Resin Samples

Resin samples in the hydroxide and chloride
form have been irradiated. Approximately 1 - 2 g

(5 ml.) of moist resin are placed in glass stoppered

test tubes (approximate volume 12 ml,.,) and irradiated

at 3 cms. from the kilocurie source, the test tubes

94.

being 1ocated in a specially designed ho1der (Plate 10).
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Dose rates of 0.7 - 0.8 Mr/hr. were. obtained in
similar test tubes placed at 3 cm. from the source,'
by ferrous-ferric dosiﬁetiy.

The hydroxidé capacity of irradiated samples
was obtained by thé procedure described above.
Pig. 8 shows the pH titration curves of resins
after irradiation at doses up to 80 Mr. and Pig. 9
comparés the loss in capacity for both chloride and

hydroxide forms of the resin for doses up to 100 Mr,

(iii) Deteétion of<Degradiation Products
. Irradiation of the hydroxide form brought
about a colour.¢hahge from pale yellow to reddish
';browﬁ, and the charactéristic odour of amines was
obéerved. 7
Aqueousls;urries of resins irradiated in the
| hydroxide'form Were wésheq and the aqueous leach
collected., This solution was titrated agaiﬁst
centinormal Standard‘acid, and titration curves
<(Fig;10),éhowed that basic products hed been
1iberated. The basic products accounted for uj to
80% of the loss in hydroxide capacity.
_-  - Qualitative spptrtests were performed to
~establish the nature of the basic products released
(113, 114), Aliphatic amines, e.g. trimethylamine,

would be the most likely products, considering the

95.



TABLE T

RESULTS OF SPOT

TESTS

95a.:

FUNCTIONAL
~ GROUP

REACTION
INVOLVED

STANDARD

REGULT,

. "y

Secondary
Amine

Reaction with
sodium nitro
prusside and acet-
aldehyde in sodium
carbonate soln.
gives blue colour -
(115)

Di-
methylamine

|Test positive

at doses
greater than
20 Mr,

Primary
Amine

Reaction with
sodium nitro
prusside and ace-
tone in neutral
soln. gives red
colour (116)

Methylamine

Test negative

Peroxide

gives blue colour

Reaction with
acidified potas-
sium iodide in
starch solution

"l

Hydrogen
peroxide

Test negative

Nitrite

piazotisation of
gulphanilic acid
and coupling with
~I-naphthyl-
ethylene~diamine.
oives pink colour

Sodium
nitrite

i

Test negativé

Methyl
‘tAlcohol

“lsodium bisulphite

Oxidise with KMnOy
Gecolourise with

and develop colour
with chromotropic
acid in cone H2804

Methyl

Test negative
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structure of the resin, i.e. R = CH, - N (CH3)3.

A spot test to determine the presence of tertiary
.amines in a mixture of amines was not developed.
Secondary and primafy_amines, peroxides and nitrites
Were.testéd for as shown in Table 7.

(iv) Decomposition of the Resin

The nature of the pH titration curves of the

irradiated resin (Fig. 8) indicated that there was
ho change in'strbng‘baSe properties, The formation
of weak base groups might be expected to produce a
change ‘in the patterﬁ of thé titratioh curve.,

A resin Sémple confaining_both‘quaternaryvand
tertiary methyl amincvgioups (Deacidite H),
prepared in the hydrdxide form gave neutralisation
curves as shown in Fig. 11 when titrated under the
identical conditions to Deacidite FF resin, Two
distinect end—points.are observed, corresponding to
the strong and weak base end~points. Further, it
ig found that in the presence of 0.1 N sodium
chloride solution the rate,df exchange is siow, and -
‘the end-points less distinet, (cf, Deacidite FPF).

Evidence so far d4id not indicate the formation

of weak base groups.



NEUTRALISATION OF DEACIDITE H RESIN IN THE HYDROXIDE FORM

Fig. 11,
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(v) Effect of'Carbon‘Dioxide oﬁ the Hydroxide Form

of the Resin

Resins in the hydroxide form are known to take
up carbon dioxide from the atmosphere, resulting in
carbonate ions exchanging with hydroxide on the

- resin functional groups. This decreases the effective

- + -
2_[3 = CHy = N (cH3)3 oﬂ + 00y
—-- Ez - CH,N (CH3)3J2 C05~ + Hy0

hydroxidé capacity of samples, and'maykfesult in
appreciable error., The extent to which carbon
dioxidé reacts with air-dried speciments, has been
studied.. |
Procedure

Samples of moist hydroxide resin were allowed
to dry in contact w;th the atmosphere for one Week,
and the capacity meésurements Were‘compared'with
those from blank samples, retained under water in
stoppered test tubes to_prevenf diffusion of
carboh-dioxide. |

A 4% solution of sodium suiphate was passed
through a resin bed, and collected in a 100 ml.’
‘meésuring flask. Sodium.sulbhate}replaces carbonate,

chloride and hydroxide ions from the functional



groups,

An aliquot of the leach solution is titrated
against standard acid using methyl orange indicator,
The end-point indicates neutralisation of the total
base,rice. carbonate and hydroxide, A further

kaliquot is taken and titrated against standard

acid using phenolphtha}ein indicator. The end-point
indicates neutrélisation of hydroxide only. A
final aliquot titrated against silver nitrate gives
the total chloride ions released., .Hydroxide,
Carbonate and Chloride capacity can therefore be
calculated separately. The resin is washed, dried

and Weighéd in the sulphate form,

Results and Discussion

Resin in condachd .|
- with CO, Hlenk
Ionic Form .
j m.equ/g | % W/W | m.equ/g | % W/W |
— . , - - : 4 -
Hydroxide 1,84 42,8 2.10 48,4
Chloride 2.10 49,0 | 217 49,8
Carbonate | 0.35 8.2 | 0.08 | 1.8
Total | 4.29 ]} 100.0 4,35 ' 100.0

The results above show that carbon dioxide can account

98.
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for up to 8 - 10% loss in hydroxide capaoity, when
resins are exposed to the atmosphere for long
periods. By maintaihing resin Samples in‘the
hydroxide form as water slurries, carbon dioxide
adsorption is small and within the limits of

experimental error.

c. | DISCUSSION

Preiiminary investigations have shown that the
hydroxide form of the resin is less stable to
radiation than the ohloride-form. This result
‘agrees with the observations of Shigematsu (101)
and with the evidence quoted by‘other workers (99), -
‘that the salt form of the resin is more stable than
thé free base form., Wedemeyer (94), however, on
the basis of one result concludes that the hydroxide
and chloride forms are equally unstable to radiation,

‘Deoomposition takes place by loss of capacity
and the liberation of basic products in the aqueous
leach, The concentration of the products obtained
by titration can account for up to 80% of the total
capacity loss. Aliphatic amines appear to be
produced, i.e. tertiary and secondary amihes, being
the most likely.

The resin does not appear to lose strength on
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irradiation,‘because thé PH neutralisation curves do
not indicate that weakly bésié groups are being formed,
The degradation reactions may be explained by (1) a
functional group being severed from the pblymer
skeleton resulting in (2) the production of

tertiary amine as a main product, and secondary

émine by further reaction.

e.gs R - CHy, - N (CHz); OH—3 R = CH,O0H + N (CHy) 5
N ((5}13)‘3 + $0, ~—3 NH (CHz), + CH,0

" The C - N bond between the polymer skeleton and
the functional group breaks on irradiatiqn.

-The adsorption of carbon dioxide on the
functional groups from the atmosphére can account
for a change in the hydroxide capacity of up to
10% under the worst conditions of exposure. Further
resin samples will be irradiated in aqueous solution
for the following reasons: |

(1) to minimise carbon dioxide adsorption,
(ii) so that water-soluble aliphatic amines may
dissolve and be trapped in the leach,

(iii) aqueous slurries repreéent more closely

industrial process conditions.
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SECTION 15

IRRADIATION OF THE
"HYDROXIDE PFORM 1IN
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A. INTRODUCTION
B. EXPERIMENTAL
C. RESULTS

D. DISCUSSION
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A, INTRODUCTION

'The instability of the hydroxide form of the
resin, and a gualitative estimation of the degrad-
ationvproducts have been deséribed in the preceding
-séction. A sysfematic study is necessary to give a
quantltatlve analy31s of the nature of decomp051t10n
of the resin and the total degradation products.

Measurements so far have not clearly estab-
lished a change from strong base to weak base capacity,
iie. a loss of a methyl groﬁp from the quaternary
ammonium functional group, or a‘change in total
capacity. The proportion of strong and weak base
groups must be obtained by analysis to establish
the mechanism of the decomposition.

Rather more elaborate procedures are rgquired
u to relate the total nitrogenous products liberatedA
on irradiation, with the fesultant loss in capacity.,
Quantitative analysié of tertiary, secondary,
primary amines_and ammonia, in the presence of
each other must be developed., |

A systematic irradiation of resin samples in
the hydroxide form has been performed at total
doses of up to 500 Mr, with a fixed dose rate of
0.61 Mr/hr,
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B. " EXPERIMENTAL

(i) Measurement of Capacity

pH Titration Curves

It has been shown that a resin sample containing
up to 90% weak base groups (Deacidite H) gives e
characteristic titration curve (Fig. 11) containing
two distinct end-points. BOth‘strong vase and weak
| base oapacity may befcalcu}ated independently from
such a graph.

The sensitivity of’this procedure to detect
small changes from strong base to weak base was
examined‘by mixing known volumes of Deacidite H and
Deacidite FF in the'hydroxide form. Samples were
prepared, so that the weak base capacity increased
from zero to 100% (represented by Deacidite H resin).
The prepared samples (1 - 2 g) were mixed intimately,
without exposing them to the atmosphere, and
titrated against 0.25 N hydrochloric acid, after
addition of 20ml. 0.1 N sodium chloride solution,

The resulting PH neutralisation curves are
shown in Fig. 12, Sfrong base Deacidite FF resin
reproduces the characteristic neutraiisation curve
seen in Fig.‘é. The end-point is distinct at |
pH = 7. Neutralisation of Deacidite H resin alone

gives two clear end-points at pH = 9 and pH = 3.5
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A Dbreak in the titration curve at pH = 6 ié
observed when the ratio of strong basé to weak base
resin is 2:1., As the proportion of stroﬁg base
increases, however, the break in the titration curve
can no longer be seen, and a smooth curve is '
obtained. | v

| The pH titration method camnot be applied to
distinguish betwgen strong and weak base capacity,
unless the proportion of weak base groups represenfs
30%‘or more of the total capacity. |

Modified Capacity Measurement

A method of measuring both totalkcapacify,
i.e. sum of weak and strong base capacity, and
quaternary capacity, i.e. strong base capacity,
has been described by Fisher and Kunin (117). In
their method the exchange capacity is measufed with
~respect to the chloride ion.

Resin samples are convertedkcompletely to the
chloride form by passing excess hydrochldric acid,
and washed free of chloride ions using alcohol.
This avoids hydrolysis of the weak base groups,
Leaching with dilute ammonia solution hyfrolyses
the weak base groups, the strong base groups remaining
“unaffected, ' .

R ~ CH, - N (CHg), : HCL + NH,OH
—> R - CH, - ¥ (CHz), + NH,Cl + H0



Capacity of tﬁe weak baée groups is obtained by

measuring the concentration of chloride released,
Purther leaching with sodium sulphate solution,

replaces the chloride ions attached to the strong

base quaternary groups.

+ _ .
+ ]‘ -
[% - CHy, - N (CH3)3_2 50, + 2 NaCl

Strong base capacity may be obtained by measuring the
chloride ions released on sulphate leaching. The
total anion exchange capacity is the sum of strong
base and weak base capacity.

The titration of chloride ions in the leach
solutions was performed by Volhard's procedure,
The Mohr titration, using potassium chromate
indicator, could not be applied in alkaline solutions,
because of the precipitation of silver hydroxide
masking the silver}chromate end-point. The Mohr
method is only applicable in solutions within the
pH range 6,5 - 9.
Procedure

The resin sample is transferred to a small
column containing é gintered glass disc, and

thoroughly washed with distilled water., A 4%

105.
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solution of sodium chloride (SQ ml.) is passed
through the resin bed, and collected in a 50 mil.
vélumetric flask, This solution contains the
hydrdxide ions reieased, and may be titrated
against decinormal hydrochloric acid, using methyl
orange indicator, to give the hydroxide capacity.

- Excess 4% hydrochloric acid (50 ml.) is then
passed slowly through the resin bed (i.e. 2 mls/min)
tb convert the resin sample completely to the chloride
form. Excess chloride is washed from the resin bed,
i.e. until the léach is negative to the silver nitrate
test, using pure methanol.

0.15 molar ammonium hydroxide (50 ml.) is
passed slowly through the bed and the leach is
collected in a 50 ml. volumetrid flask,.until no
further chloride is released. VA further 50 ml, of
4% sodium sulphate is passed through the bed and the

. leach collected in a separate volumetric'flask.

Estimation of Chloride in the Leach by the Volhard
Method g;

A 10 ml, aliquot is taken from the 1eéch
solution, and +to this is added 5 ml, of 6 N nitric
acid. A further 10 ml. of standard 0.1 N silver
nitrate solution is added, to precipitate the chloride,

and 1 ml. of ferric indicator solution is added,



i.e., saturated ferric ammonium sulphate (approximately
40%) in water., 2 - 3 ml,of nitrobenzene is added,
and shaken to coagulate fhe precipitate., The excess
silver nitrate is back titrated against standard
0.1 N ammonium thiocyanate solution., The end-point
is approached dropwise and indicated by the formation
~of a distinct reddish—ﬁrown colouration, which is
not removed on further shaking.

Resin specimens are filtered, dried at 100°¢C
for 20 hours and weighed in the sulphate form.

Results and Discussion

sample  SCE008, 00 Capacity.  (protel
10 (m.equ/g)  (m.equ/g) a8
1 4,02 0.21 4,23
2 3.86 0.22 4,08
3 4,22 0.18 4,40
" 4,18 0.19 4,37

Ve

A sample capacity determination is shown in‘Appendix I
The results skhow that Deacidite FF resin (un~-

irradiated) contains approximafely 5% of weak base

groups. The strong base capacity varies from

3.8 = 4.2 m.equ/g, and this may be explained by

non-homogeneous quaternisation of the polymer

107.
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skeleton on manufacture. Mean values for the total
capacity of the resin with respect to chloride ions

are
Strong base = 4,00 m,equ/g.
Weak base =" 0.20 m.equ/g.

(ii) Quantitative Estimation of Water-Soluble

Degradation Products

After irradiation, the resin sample is trans-
ferred to a column and thoroughly washed with
distilled water, washings being collected in a
50 mli %olumetric flask,

Total volatile base products have been obtained
for this solution, and the total amount of free
( nitrogen estimated by Kjeldahl distillation. The
concentrations of individual aliphatic amines are
“measured, and related to the total nitrogen in the

leach.

a) Estimation of Total Nitrogen in the Leach

Volatile Amines and Ammonia

A suitable aliquot (usually 1 - 5 ml.) con-
taining 0,01 - 0.05vm.equ. of basic product is
transferred to the distillation flask of a semi-
micro Kjeldahl distillation apparatus., 1 ml. of
concentrated sulphuric acid is carefully added,

whilst cooling the flask. The apparatus is assembled,
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and 10 ml. 50% sodium hydrbxide solution is slowly
allowed to enter the digestion flask. The mixture
is steam distilled and collected in a flask containing
25 ml, standard 0.1 N hydrochloric acid., This is
then back-titrated against standard 0.1 N sodium
carbonate solufion usiﬁgimethyl red indicator.

The total volatile base is expressed in terms
of m.equ/g. dry resin.

Total Nitrogen by Kjeldahl Digestion

The aqueous leach solution ﬂay contain high
molecular weight aromatic amines, produced by
breakdown of the cross-linked polystyrene skeleton.
Such amines may not be steam volatile, and it is
necessary to digest with goncentrated sulphuric
- acid in the presenée of a catalyst to liberate
volatile ammonia for analysis;

An aliquot containing 0,01 - 0,05 m.equ. basic
product is transférred to a Kjeldahl digestion flask,
and 1 ml. concentrated sulphuric acid added.
Approximately 10 mg. of selenium is added as a
catalyst and the solution is heated and allowed %o
digest for 20 minutes. On cooling the concentrate
is diluted with about 5 - 10 ml, of distilled water,
and connected to the Kjeldahl distiliation apparatus

Approximately 20 mls. of 50% sodium hydroxide is
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added to the distillation flask, and the contents
steam distilled into 25 ml. standard 0.1 N hydro-
chloric acid., This is back-titrated with 0.1 N
sodium carboﬁate solution using methyl red indicator,

The total nitrogen in the leach is calculated
as: in the specimen calculation in Appendix I.

b) Quantitative Analysis of Tertiary Amine

 Most of the methods available for the deter-
mination of tertiary aliphatic amines_in the presence
of other amines, depend on fhe isolation of the
'fertiary amine after reaction of the primary and
cecondary amine components with nitrous acid, and
subsequent titration of the unreadted tertiary base
(118, 119). Other methods which include gravimetric
analysis (120), and acetylation of a mixture of
amines followed by titration against perchloric
acid (121), have been found insensitive when applied
to millimolar concentrations.

The method selected here for the determination.
of tertiary amine is based on thé>method of Dyer
(122), who modified the picrate method used by
Richter, Lee and Hill (123). Dyer's method,
developed for the estimation of trimethylamine
produced in the deterioration of fish, is based on

measurement of the yellow colour of amine-picrates,



€.8e With trimethylamine, dimethylamine, metqpamine
and other compounds such as indole and histamine,
Irradiated leach solutions have béen shown by
the spot tests to contain practically no primary
amine, but measurable amounté of secondary amine,

- The contribution of secondary and primary
amine,‘fo the measqred concentration of teftiary amine
was examined at the paak absorbance at 410 g}t‘ The
independent concentration of secondary én&'primary
amines can be obtained by specific analysis (pages
113 - 118) and the actual concentration of tertiary
amine by subtraction. |
Procedure

Dilute an aliquot sample (containing 0,002 -
0.005 m.equ., fertiary amine) to 4 ml, Shake
commercial 37% fofmaldehyde solution with Mgcos,
filter and dilute with three volumes of water. Add
1 ml, of this solution to the amine solutionm, ’
followed by 10 ml. toluene (A.R. grade) and 3 ml.
50% potassium carbonate solution. Stopper and
shake vigorously 30 - 40 times to transfer the
amines to the toluene layer, Shake a 5 ml,
aliqﬁot of the solvent layer with 0.3 - 0.4 g of
anhydrous sodium sulphate and decant into 5 ml, of

0,02% picric acid in dry toluene, The yellow

117,



TABLE 8 -  SENSITIVITY CF THE PICRATE METHOD POR TERTTARY AMINES

dand “de
"

L

' Trimethylamine
1.82 x 1072 m.equ/ml.

Dimethylamine
1.06 x 10~2 m.equ/ml.

Methylamine
0.64 x 10~3 m.equ/ml.

of solutions of
5046 X 10-3m.equ
concentration

I

Volume of ,
solution (ml) 5 P 4
Concentration - - - 3
(m.equ) 5.46 x 10 3 3,18 x 10 3 - 2,56 x 10 3
. Measured o '
Optical Density [ 1.0 0.15 0,025
‘Calculated
Optical Density . :
’ ‘ 140 0426 0.053

*8lLl
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amine-picrate colour is produced and the optical
density of this solution at 410 %/u is measured against
a reagent blank in a Unicam SP 500 spectrophotometer.
The colour is stable for up to one month, if free

from ammonia. -

A calibration curve (Fig. 13) has been obtained
for this method, and.foﬁnd to be reproducible within
2%. Standard millimolar solutions of trimethylamine
and dimethylamine were prepared by titration against
standard acid using methyl red indicator. All
titratable nitrogen was assumed fo be amines., The
values agreed with Kjeldahl estimations. Results show
that the calibration curve obgys Beer's Law and that
the method is sensitive to solutions of millimolar
concentration of tertiary amine., The sensitivity of
the method to secondary and primary amines, in relation
to tertiary amines has been tested.

Table 8 shows that the sensitivity of the
picrate method to tertiary, secondary and primary
amine is in the ratio 20:4:1. It is necessary to
determine the concentrations of primary and secondary
amines individually, in order to correct for the
contribution to the overall optical density at
410 %ﬁ* of their picrates. In most cases the con-
tribution of primary amine is small enough to be
neglected, A specimen calculation is given in

Appendix'I.
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c) Quantitative Analysis of Secondary Amine

SeCOndafy'aminés aré usually determined by
difference (118, 119), Such methods are unsuitablé
for the estimation of small qﬁantities of secondary
amines in the presence of large amounts of other
amines, A method has been described, in which the
nitrosamine is formed by the action of nitrous acid,
The optical density of the nitfosamine can be ac=
curately measured without initial separation (124).
A mddification to this procedure.(125) was found %o
give unreliable results in the presence of related
bases. A modification of an already known colour
reaction (115), involving the interaction of secondary
amines with sodium introprusside to give a violet |
blue compound has been used to estimate secondary
amine guantitatively, (126). This method was
tested and.found to be cumbersome to apply, and
diificulty was experienced in obtaining reproducible
results,

A ragpid and reproducible method has been used
in this work, based on the procedure of Stanley,
Baﬁn and Gove (127). Secondary amines are reacted
with carbon disulphide and ammonia to form the
dialkylthiocarbamate, and the colour intensity of

the copper complex, extracted into an organic



phase (benzene), is measured.

The reaction is:

CH.),NH + OS, + NH,~>»(CH.),N. CSNH
>( 5)0 P 3 (CHz), oty
S

.2(CH3)2 N. ﬁSNH4 + cu™ —> {(CH5), Ngs Cu + 2mH,"
S 4 : S _{2

The stability of the yellow colour developed
is’increased by»complete removal of ammonia from
the benzeﬁe layer, Trimefhylaminé does not react
and therefore does nét interfere in the estimation,
Methylamine-gives’a similar colour reaction, which
decreases as the alkalinity of the agueous phase is
increased., The interference of monomethylamine is
hegligible when present in low concentrations, i.e,
equal or less than thé concentration of dimethylamine.
This is due to
i) the relative insolubility of the cupric mono-
methyldithiocarbamate,.
ii) the absorption peak of this complex is in the
region of 360 g/u .

Cupric dimethyldithiocarbamate has a peak
~ absorbance at 434 g/& .

Ammonia and methanol in concentrations equal

to dimethylamine also do not interfere.

114,
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Procedure -

\ Prepare a reagent solution by dissolving 20 g.
ammonium acétate and 0,2 g. copper sulphate in 30 ml,
of water, Add 10 g. sodium hydroxide in 25 ml.
water, and 20 mls, of concentrated ammonia, and
dilute to 100 ml, wi%h water,

To 10 ml. dfisample'solution (containing
0.,0006 - 0.015 mg. of dimethylamine/ml.) add 1 ml.
' of reagent solution and 10 ml. of 5% carbon disulphide
in benzene, Warm to 43 - 48°C for 3 minutes, stopperb
and shake vigorously for 30 seconds. Add 1 ml, of

30% acetic acid and shake again for 30 seconds.

Cool and centrifuge to separate the solvent layer.
Measure the absorbance at 434 mfa, Wiﬁhin an hour,
égainst a reagent blank., The calibration curve,
~using dimethylamiﬁe as standard, obeys Beer!'s Law over
the range studied (Fig. 14). The method is
sensitive to solutions of millimolar concentration
~and reproducible within 2%,

A specimen calculation to obtain concentrations
of dimethylamine is‘given in Appendix T,

d)'Quantitaﬁive Analysis of Primary Amine

Primary amines have been determined colori-
metrically with an agueous reagent containing

cupric chloride, salicylaldehyde and triethanolamine
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(1285. This meéthod is however not applicable in thé
preéence of ammonia, A further method, in which the
intensity af the colour due to the Schiff base
reéulting from the reaction of primary amine with
salicylaldehyde is mgasured at 410 %fL (129), has been
tested and found insensitive in solutions of 1072
molar concentration. -

‘The diazonium salt formed when p~nitroaniline
reacts with acidified sodium nitrite will couple
with primary aliphatic amines (130). The colour
‘intensity of the product may be used to estimate
the concentration of primary amine present.

- The reaction taking place has been suggested

by Persez and Poirier (130) as

+

NENCL
CHSNH2 + . CHBNH - N.=1X
—.—-......9 /
N
NO,
2 4




By also found that secoﬂdary amines did not interfere
at all concentratibns; but formed an insoluble yellow
precipitate., Waddington (114) has also shown that
feftiary and secondary amines do not interfere and
ammonia at concentrations up. to and equal to the
concentration of primary amine also does not inte:fere;
Procedure

Dissolve 0.5 g'of p-nitroamiline in 100 ml. N
hydrochloric acid, and cool to OOC.F Add a further
10 ml. of 3% sodium nitrite also cooled in ice,
Store this solution in a dark place for 30 minutes
before required and use within three hours of
preparation.' |

Pfepare a buffér solution by dissolving
4,08 g of potassium dihydd gen phosphate, 1.6 g
borax in 80 ml. water, and adding 13 ml, of 10%
sodium hydroxide, and making up fo 100 ml.

To 1 ml, of neutral or slightly acidic amine
solution (containing 0.0002 - 0,0006 m.equ), is
added 10 ml, of buffer solution. Shake and cool in
ice for 10 minutes, before adding 1 ml. of réagent

- solution. After a further 20 nminutes, 2 ml. of
10% sodium hydroxide, previously cooled in ice, is
added dropwise,

The red colour develops slbwly and the optical

‘117.
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density at 510 %f; is measured agﬁinst_a reagent blank
" after a period of 22 - 24 hours.,

The calibration curve shows variation of optical
density with concentration. There is some spread
of the calibration values around the straight line,
but the method is considered reproducible to approx-
imately * 10% providing spectrophotometric readings
are taken 22 hours after colour development.

e) Quantative Analysis of Ammonia

The estimation of small quantities of ammonia
in the presence of aliphatic amines is difficult.
Nessler!'s reagent, may be used to determine ammonia
at low concentrations (131), but it has been found
in this work that interference of secondary amines
renders the solutions cloudy and makes the method
inapplicable, It has also been suggested that
certaln brands of yellow mercuric oxide will absorb
traces of ammonla, in the presence of related bases
(132), The ammonisa may be regenerated by dissolving
the complex in potassium'iodide. Atfempts to use

this method showed that coﬁmercially_available brands

of mercuric oxide did not absorb ammonia preferentially.

to other amines present.
Colorimetric determination with phenol-sodium

hypochlorite reagent may be used to estimate ammonia

118,
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in the presence of tertiary and secondary amines,
but primary amines in large amounts interfere (133).-
Bolleter, Bushman and Tidwell (134) have recently
modified this method by using freshly prepared
thorine water in place of sodium hypochlorite.
Using the prbcédure describedrbelow it has been
fpﬁnd thaf primary amine'interference is negligible,
i.é. primary amines being 32 times less sensitive
than:ammoniézé | '
0,161 m.equ., methyiamine'gives‘an optical density = 0450
0.005 m.equ. ammonia gives an optical density = 0,50
_ Procedure | |

Add to a 50 ml. volumetric fiask, 25 ml, of
saturated voric acid sbluﬁion containing from
10 - EOO/AAg_ammbnia. WhilSt»swirling the flask to
ensure good miiing add in order, 5 ml, saturated
_ chlorine water (freshly prepafed), and 5 ml,.of.S%
.phendi sdlution. Heat on a steam bath for 3 minutes,
remove and cool in iced water. Add 5 ml. of 3M
sodium hydroxide and dilute to volume. Read the
abéorbance of the‘blug colour at 625 ?fi against a
reagent blank., A calibration curve has been obtained
using 10™2 molar Analar smmonium chldride (Fig. 16).:
This method is rapid to apply and reproducible to

within 5%.
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£) Quantitative Analysis for Formaldehyde

A colorimetric method for the estimation of
- formaldehyde in the presencerqf other aldehydes
involving the use of Schiff's reagent in strong
sﬁlphuric acid (135, 136) has the disadventage that
it is not amccurate WithinVB% and the reagent is
unstable, Eegriwe (137) has proposed the use of
chromotropic acid (1:8 - dihydroxynaphthalene
336 - disulphqnic acid) as a specific reagent in
spot tests for detection of formaldehyde. This
reaction has been developed as a gquantitative
methqdv(138, 139) and used here,
PrOCeduré

Do 1 ml. of sample‘containing 20 - 80 P8
formaldehyde in a 50 ml. volumetric flask is added
50 mg. solid chromotropicvacid. A further 5 ml,
concentrated sulphﬁric acid is added, and the mixture
heated in a Water bath for one hour. The solution
is cooled and ﬁade up to 50ml.with distilled water,
The violet colour deveiops gquickly, and is measured
,kagainst a reagent Elank at 580 ?f* o The colour is
stable for 24 hours.,

A calibration curve has been obtained (Pig. 17)

using 10”7 molar Analar formaldehyde solution., The
reproducibility of this procedure is found to be within

2 - 3% over the range 0 ~ 0.002 m,equ/ml.



C. ‘ RESULTS AND OBSERVATIONS

The results of a systematic irradiation of
resin samples in the hydroxide form up to 500 Mr are
tabulated in. Table 9 and presented in Figs. 18 and

19.
‘(i) TLoss in Strong Base Capacity

Irradiation produces a marked loss in the
strong base capaéity. mable 9 shows that the strong
basé‘capacity falls 78% between O - 500 Mr. This
value may be compared with corresponding values
obtained with the resin in other salt forms. Tablé
10 cbmparesvthe strong hase capacity loss measured
ih,the hydroxide and chloride form, with strong base
capacity loss in the nitrate form obéerved'by
Natarajan (140). This shows that the hydroxide
form is less stable to radiation than the chloride
 and nitrate forms, thé’effect being most marked up
to 100 Mr. Chloride and nitrate appear to be
» equa11y stable to irradiation, but the hydroxide
form decomposes rapidly up to 100 Mr then less
rapidly up to 500 Mr. This may be explained by the
fact that the hydroxide resin was not completely
regenerated (i.e., 60% hydroxide form and 40%
-chloride form initially), and decomposition is only

rapid whilst hydroxide is being destroyed,

121.



TABLE 9

" IRRADIATIONS IN THE HYDROXIDE

FORM

121a.,

Capacity (miequ/g)

iy

Basic Produots

in the Leach (m.equ/g)

Chloride

. Tos: ‘ . —— : Forﬁal-_ R
I T N e L )
1 4,93 | 2,09 Q.gzl_'3;§5  5.97 | 0.07 Q.p1 o.bi.y - 0.09 - - =
2 8445 1;75 | 0,23" 3;?2 ' 5.é5. 0.11" 0,62 .0;61 - 0.4 0;14 - ;
5 '18;56’ 1,98 0.32 5;60 Vé;éz. '5;21' vo;bé‘” 0;62 S 0.26 _0.27. ‘ - -
4 | 43;30 '1;90 d;54 3;27 5.61J 0.4k 0;12 0,04 0,01 o;si b;so ] 0.0t -
5 88¥00 1,27 - 0.49 2;92i 3;4i 0.66 0;22 | 0;05 | o.bév 0.95 0.91 b;dé‘ -
6  14600 0.48 0.64 2.65 555 10186 . 0,51 012 0.08° 1,37 1.10 0.02 0.22
7 | 307.00 | 0.37 6;95‘ 1,65  2.60 0.94 6.45 0,32 '6;28?-§'1.97 1.62 0,01 0.80
8 | 500,00 | 0.15 1.3 0.87 2,60_ 1;16 0.41 0,41 0.55 247 2.50 ' 0.01 1.35
9 - 2,30 0.20 4;06 420 | - - - - - - - -




TABIE 10

PER CENT BTRONG

-BASE CAPACITY IO0SS

+

Result from.Table 5

_ Dose (Mr) } Chloride ? Nitrate (140) | 'I“Iyd'roxj'.de"L
. P ST ; . R —
100 10 %_ 11 50
3807 40" |} 43 67
500 - 54 78
' {
*

1 Watt.hr.g. radiation absorbed

(up to 100 Mr) after which the resin contains pre-

dominantly chloride groups, these being more

resistant,

WoS ‘
This wewdtd—be borne out by the fact

that free chloride was not detected in leach sol-~

. utions until the total dose received was 146 Mr.

At 500 Mr, practically all the hydroxide greups

have been destroyod, and further decomposition will

remove only chloride groups.

It is anticipated

that on further irradiation, strong base capacity

will continue to decrease as the chloride functional

groups are lost.

(ii) Galn in Weak Base Capacity

Flg. 18 shows that there is an appreclable

increase in the weak base capa01ty on irradiation

122,
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corresponding to the loss of methyl grduﬁs from

fhe quaternary methyi a mino strudfuré. The Weak 
base.capacity incfeases from‘Oaé‘a 0.9 m.equ/g.

over the}range 0 - 500 Mra_AThis observafion_
corresponds with a similar result obtéihed by

Fisher (93) who observcd a marked'différeﬁce between
the loss in total capacity .and the loss of'quaternary 
capacify. The rate of increase of weak base

capacity is less than the rate of increase of

ﬁasic prodﬁcts in the leach and would indigate

that the formation of weak base groups is a secbndary
effect. The primary effect appearsrto be the loss

of functional groups, to produce aiiphatic amines

and ammonia. It must be noted that after 500 Mr,

the exchange capacity of the resin comprises 56%

weak base and 44% strong base groups.,

(iii) Formétion of Basic Products

It has been shown that the loss of total
exchange capacity ban be accounted for by the
formation of basiec products in the leach solution.
Furthermore, the presence of tertiary, secondary
- and primary aliphatic amines and ammonia represent ‘
practicaily all of the total nitrogehous products in
the leach, |

High molecular weight organic amines, which



TABLE 11

MEASURED G VALUES FOR BASIC_ PRODUCTS

Dooe |tertiary |Secontary| PEery | pmene
0 14,23 3,09 0.48 0
50 5,78 2,29 077 | o
100 2,68 1,73 1,06 0.77
150 1.56 1.16 1.16 1,31
200 1,05 0.77 1,35 1,31
300 0.78 0.39 0.77 1,31
400 0,58 0.19 0.58 1,31
500 0,47 0.09 0.19 1431

¢ Value = no. of molecules product formed

100 eV. radiation energy abserbed in

the system.
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could arise by rupture of the polystyrene skeleton,
do not appear to be formed, as estimations by the

K jeldahl method agreed, within experimental error,
to values obtained'by escimating the total volatile
base on steam distillation. ‘ |

"Tertiary Amine

The.production of tertiary amine is rapid at
the beginning of irradiation, as'may be seen from
¢ value determinations (Table 11). The initial
reactioﬁ’(up to 0.1 Mr) may be a chain reaction
dependent on”oxygen, and possibly continues up to
50 Mr (G = 14.23) in the absence of oxygen.
Tertiary amine<is formed by breaking of the C = N
bond between the functional group and the polymer
chaiﬁ, Subseqﬁently the tertiary amine is broken

down to secondary amine,

Secondary Amine
| Secondary amine is also formed at the etart
of irradiation as a primary product (Fig. 19), i.e, by
1)vdecomposition of the Weak_base groups
initiall& present on the polymer chain and
' 2) formation from tertiary amine, resulting
from decomposition of quaternary groups.
. The yield of secondary amine decreases (Table 9)

on further irradiation, as it becomes converted to



primary amine.

Primary Amine and Ammonia

No ammonia and only traces of primary amine
are detected in the initial stages of thevfeaction
when tertiary amine formation is predominant, i.e,
up to 50 Mr. The formation of primary amine and
ammonia increases in thé latter stages of the
reaction, as tertiary and secondary amines are
being decomposed, and bbth strong and weak base
capacity is lost. The concentration of ammonia
increases és.thé basic products are degraded, and
ammonia itself is not destroyed any further., A%

' 500 Mr it is seen that leach SOIutions‘cdntain' |
mainly tertiary amine and free ammonia in excess of
- primary and secondary amines, Ammonia formation
‘seems to be the last step in the degradation. The
_formationvof further degradation products such as
nitrité and.hydroxylamine (141), by radiolysis of
‘ammonia, was not detécted in the spot analysis of
the 1each'soiutions. |

(iv) Effect of Dose-Rate

- Results in Table 9 were performed at a constant

dose-rate of 0,61 Mr/hr, samples being irradiated

from a few days up to several weeks, Irradiation of

resin samples in the hydroxide form have also been

125.
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TABLE 12

DOSE RATE DEPENDENCE

' 125a.

Capacity

Distar ' D ‘Total (m.equ/g) viBasic Products (m.equ/g)
istance ose :
: Dose - peg - . , Total
(cms.) _Rate (Mr) ngggg g:?g Tertiary | Secondary| Primary Ammonis I
3 0.61 | 55.5 3,11 | 042 0,47 0.11 0.04 0.01 | 4.16
6 0.18 | 65.0 2,94 | . 0,45 0.51 0.13 0,04 0,01 4,08
BLANK 3,80 | 0,22 - - - - 4,02




carried out at dose-rates varying by a factor of 4,
(Table 12). |

The results show that there appears to be no
dose-rate dependence in the range investigated.

Dose-rate effects are of signifieance in the
following three cases:

1) reactions propagated by chain mechanism

2) reactions depending on the availability of

oxygen -
3) iiradiations of very dilute solutions for
long periods at high doses.

In the case of irradiated resins, a chain mechanism
only accounts for the reaction up to 100,000 fads
when all the oxygen is used up, after which the
e&sfem is essentially oxygen-free., The basic
'products are produced in concentrated medium, €.8.
at 500 Mr 2,5 m.equ., of base is present in approx-
imately 5 ml., of solution (concentration 0.5 N).
It is unlikely therefore, that such a system is
dose-rate dependent. It is of interest that Bednar
et al (107) have reported that the decomposition of
cation exchangers is independent of dose-rate, over
'a range of 4,83 x 10& $0 1.62 x 10° rads/hr.

(v) Physical Damage to Resins

Irradiation does not appear to destroy the

126,
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cross—linked polystyrene network. A mgés.balahcé,
between the sum of total chpacity and basic products
released and the total capadit§>ofxthe unirradiated
resin, agrees within the limits of experimental
accuracy;" There does not therefore seem to be é
significant weight loss.on irradiétibn, €e8s 1O

‘more than 10% at 500 Mr., Small changes in weight
may take place due to loss of functional groups,

e.g. 10 - 20% weight loss might be expected if all
the functional groups are removed from the polystyrene
chain, »

The bolystyrene chain is resistan? to irradiation.
Experimenté have‘shown that polystyrene becomes less
soluble, i;é. moéé highly.cross-linked when irra-
diated in a reactor (142), It is feasible that in
the case of resins containing a 7 - 9% cross-
linked polystyrene skeleton, there will be further
cross;linking on irradiation, causing the resin |
beads to shrink, Degradation of the polystyrene
network by chain scission occurs to a lesser extent
than the production of cross-links, i.e. ratio of
chain scissionzcross+linking is 0,35 and this would
explain the fact that high molecular weight organic
fragments do not occur in the leach, |

It has been observed that at the highest doses



- the resin particles tend to clump together and bed
down during column operation. This leads to =2
large pressure drop in the bed and results in a

marked drop in the flow rate.

D. DISCUSSION AND REACTION MECHANISMS

The primary decompbsition'reaction is the
-formatioh of tertiary amine by rupture of the
C - N\bond between the functﬂwnlgroup and the
polymervchain. The bond energies of triethylamine
and trimethylamine are shown in Table 13, together
with the dissociation energies for selected
aliphatic and aromatic amines., |

The mean C: - N bond energy for aliphatic amines
is usually taken as 72.8 k cal,, whereas the dis-
soclation energy for this bond varies with the size

of the group attached to the N atom, The phenyl

group attracts electrons from the C - N bond, weaken-

ing it and lowering the dissociation energy, €.g.
from 102 k cal for ammonia to 59.1 k cal, for
‘benzylamine. A quaternary ammonium compound, of the
resin type : : 033
R—cﬂg—ll%*~CH3
CH5

where R represents the polystyrene chain, contains

128,



TABLE 13

128a.

C-N BOND ENERGIES (143)
; Bond Dissociation

Amines Energy Energy

(k cal.) - (k cal.)
(CH3)2 ~ NH 65.7 -
(CH3)3 - N — -—
| Coll; ~ NH, 68.4 _
H - NH, — 1.202.0
GH3 i NHQ‘ e 80.0
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four Ci- N bonds. The O - N bonds in the trimethyl-
amino functional group have bond energies of about
72.8 k cal. whereas the C.- N bond to the polystyrene
chain (i.e. R - CH, - ), by analogy to Table 13, has
a bdnd_energy 6f less than 72.8 k Cal., and probably
in the region ofl§9,1 k cal., This would appear -to
indicate that the latter is the weakest bond, and is
likely to be the most semsitive to radiation. |

A plauéible free radical mechanism may be
postulated for the production’of terfiary amine by
chain réaction in the presgnCe of ongen in/the
solution..

Reaction 1

Ly s s o o eyt
R - CH, '—cg - CHOH ~—>R - CHj + ‘N (CH;)5 + OH
3

R - CHé + 0, -—53.0}1205
R - CH - N(CH3)3

' + . o,
R - CH - N(GH3)3(5H + 0p —>R - 9}1 - N(CH3)3GH

9

R - ?H,-'§(0H3)3OH +R - CH - N(CH )3 Ol
0 'k
02 |
——3>R - OH - ﬁ(oH3)36'H + R -'gH‘- ﬁ(cH3)30'H
2
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+
R —_?H - N(CcH

02

3)30H-----9 R - CHO +.:N(GH3)3 + Hy0,

This reaction mechanism is sustained until the
available oxygen is used up.

Baumann (144) has shown that hydfogen peroxide
reacts with the anion exchange resin to give a
‘hydroperoxide grouping, which decomposés to regenerate
 the resin in the hydroxide form and iiberate dxygen
(Reaction 2), This reaction could explain why
hydrogen peroxide is‘not observed quantitatively in
the 1eaﬂ1solutions.r

Reaction 2 .

R - CH, - N(CHz)50H + H'O.H
_ +

+ : +
R - CH,~ N(CHz)30H —>R ~ CH, - N(CHz)0H + %0,

-'Reaction}1 shows the direct‘breaking of the ¢C - N
bond leading to a free radical meéhanism»in the
preSence of oxygen. A similar reaction would take
place by indirect action, i.e. initial radiolysis of

water to give H*® and OH* radicals:
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Reaction 3 -

| * | % -
H} + R - CHy - N(CHz)30H ~—» R ~ CH = N(CHy),0H
OH* |
| H

] + o + .
R - CH - N(CHs)_B.OH + 0y =P R ~ 91; - M(CH3)3O'H
05 |
| + ‘_ + _ ,. -
R-CH - N(CH3)30H + R - 91{ - N(0H3)30H
22
o+ o+
——— R - ?H - N('0H3)30‘H_+ R - CH - N(CH3)30'II

OzH‘L

RCHO + :N(CH3)3 + Hy05

»These\reactions‘can”only oceur whilst oxygen is
available. The following calculation shows when the
oxygen is used up. | |

From Reactions 1 and 3

qu 1 mole N(CH3)3 formed,v1 mole O, is used up.
However, 1 mole N(CH3)3 formed produces 1 mole Hy0,,
and 1vmole H,0, regenerates % mole 0,. Thus to form
1 mole N(CH3)3’% mole 0, is’required.

‘ From Table 11 the initial G-value for tertiary



amine‘formation is 15. +e G for oxygen cbnsumption
, = T.5

i.e. 7.5 oxygen nols. used up per 100 eV absorbed.,

If the initial oxygen concentration in water at

25°¢ = 0.25 x 10™° M.

'

oxygen moleculeséﬂ_ = 0,25%10"°x6,023x10%>
| | 10°
<o radiation energy = _ , 55¢1077x6.023x10°°x100 eV/ml

t0o use up oxygen ——==

= 32,500 rads

As [? rad =.6.24x1013 eV/g in wate%].

Howevei;it has been shown that G for production of
tertiary_amine is of the order of 5 - 15 up to a
vtotal dose of 50 Mr., It is unlikely that oxygen
diffﬁsionlcan account for this and therefore the
following two mechanisms could continue the reaction

when all the oxygen is used up.
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i) a free radical chain mechanism in the absence

of oxygen
ii) a high yield non-chain reaction.
Lemmon et al (145) have discussed the radiolysis of

the quaternary ammonium compound choline chloride

. '
[(CH3)3 N. CHZ.CHZOHC'l] . It has been shown that this



compound, when irradiated in a so0lid crystalline
form, decomposes with an exoeptionally high G value

14

e.g. @ = 1250 for C'~ betd radiation and G = 175

for 0060

gamma radiation, where the difference is

due to a dose'rate effect. jThe.main products were
shown to be acetaldehyde and trimethylamine, resulting
from the rupture of the ¢ - N bohd, holding the
functional group. A series of choline analogues

did not give the high G-value reactions. It was

also found that choline chloride, in solution and

| at high-temperatures,’géveva G-value of 2 - 3 for

0060 gamma radiation. A chain mechanism has been -
suggeSted‘by the authors, to explain their findings,
and by applying this mechanism to the radiation
decomposition of feSins,ﬁit is}possible to postulate

a chain reaction in the absence of oxygen.

Reaction 4

| * e (=) 7% B
R = CH, - N(CHg)30H i—lg.E - O, - N(CH3)3OH]

+ ¥+ o
R CH, + 1\7((}1{3)3 + OH
+ o
R - CH, + OH ~—> R.CH40H

+ +
n(CH + R - CH, - N'(CH3)3(5H

3)3

: + +
M :1\7(0}13)3 +. [R - CH, - N(CH3)3C5H}



The group femaining ohithevreéin after irradiation
is therefore postulated as an alcohol and not an
aldehyde as in Reactions (1 - 3).

A high yield reaction, in the absence of
oxygen, may. be of the thermal Hofmanndegradation
type to form ferfiary amine directly as follows.
Reaction 5

. + - ,
R - CH2 - N(CHB)BOH_b*ﬁ)-R.CHon + N(C.H3)3

The mechanism of such & reaction may be explained by

the formation of an intermediate carbonium ion (146).
+ o +
R - CH, -.N(0H3)3dﬁ "f*’ R.CH, + N(CH3)3 + OH

The C - N bond ie Broken, resulting in electron
transfer to form the organic catioh; which combines
o ferm an alcohol.

The group remaining on the resin after irradia-
tion is probably an alcohol orlan aldehyde, It is
difficult t characterise this group experimentally
with irradiated resin samples, and so a model compound
was irradiated as.follews:

Irradiation of the Model Compound

A 4% agueous solution of benzyl trimethyle
+
ammonium hydrox1de,[;6H5CH2N(CH3)36ﬁ] was. irradiated

134,
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6

at doses of up to 10 rads, The aquebus solution;
which became slightly cloudy on irradiation, was
shaken with n-~-hexane to extract the decomposition -
products, The ofganic layer was washed with dilute
acid to remove the basic products formed, i.e.
tertiary and secondary amines,
The spectrum of the organic layer was measured

from 220 — 270 mp, and a peak was found at 241 mm
(Fig. 21). The unirradiated quaternary compound
extracfed into n—hexané gave zero optical density
over the range 220 - 270 mgA. The peak obtained with the
irradiated model compound, correspohded with the peak
absorption of benzaldehyde in ethahol, reported in
" the literature. To check this, solutions of
benzaldehyde and beﬁzyl alcohol weie extracted into
n-hexane and cyclohexane, and their absorption peaks
measured, PFig. 21'shqws tﬁat the spectrum of the
irradiafed model compound i$ almost identical with
that of benzaldehyde but does not resemble the
spectrum of benzyl alcohol.

A 2:4 dinitrophenyl hydrazone derivative of the
unknown compound was also prepared, andAthis gave
a peé.k at 450 - 470 mpu in the visible region, This
compares with the same derivative prepared with

benzaldehyde, which resulted in a peak at 460~480 n?l;
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Although this work has‘been mainly qualitative,
it would appear that benzaldehyde is the moSf likely
product when the modellcompouﬂd,is irradigted.
Purther work is required on a more quantitative
basis, to show the yield of all products at doses

6r, and to show condusively that benzyl

up to 10
alcohol is not formed.

On the basis of the model compoﬁnd work, it is
necessary to provide a .mechanism, which will explain
the possible formation of an aldehyde grouping on
the resin and produce tertiary amine as a product
in the absence of oxygen. The following chain
mechanism may be suggested,

Réaction 6

4 , . +
(a) R - ?H *'N(CHB)BGH —— B - gH - N(CH3)36H + H*

f

H
o o,
(v) H} +R - CHy - 7 = CH;0H—5R - CH - N'- CH,CH
OH® &;{3 E CHy
+ B2
] H,0
¢
1’ | | P
R~ CH - N = CHs0H + Hy0 —>R - CHO + § ~ - CHy
3 | o5

o+ B+ H'
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o
- 1‘\r+ — CH
10H3

' ‘ , : +
H* + R - CH OH —=>R - CH - N(CHz)30H + H,

2 3

Y + oH —= H,0

Either step (a) direct or (b) indirect could initiate

the reaction,.

Reaction 7
i Hy
(a) R - CH, -1'v+ - CHz0H =3 R - CH, - 1;1* - CH;CH + H*
\ cH | o
(b) R - CH, - 1'\1”' - CHg0H + H' ;..«...)R - CH, - 1;1* - CH,OH
' OH® o .
CH,-H » CH;
2 A | T2, iﬂz
.?H3 - CH5 W0
‘ + D x
3
CH, |
+ CH,0 + H* + H'
| CH . CH
* + R ' RN s R 2 ca.c v n
H + R. - CH2 - }V_i_f' CH3 v ""\"")R - CH2 " } ': CH3 + H2
CH CHy

3
+

Reaction 7 would explain the increase in weak base

capacity of the resin, with the formation of
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formaldehyde in the ieaéh solution.

A more typical reaction of amino compounds is to
decompose by the formation of an intermediate imine,
which is unstable and hydrolyses to form an aldehyde
and an aliphatic amine.

Reaction 8

CH3

I o CH,
(a) R - CH, - %\r*' ~ CHz0H —3R ~ CH =*NfCH3(5H + CH
CHs. 3 |

t

R - CH =N -“+ H,0 —>R-CHO + (GH3)2NH + H,0
’ ~ i : - .
- CHy
OH
<5 3R -CH=NT °

(b) R - CH, - N + CH
2 NoHg 4

‘R-CHéN—CH3+H_20~—-iR—CHO+CH3NH2

kSecondaryvand ﬁrimaryraminés can be fofmed by
Reaction 8, directly from the guaternary and
teitiary structure, resulting in the production on
‘the resin of an aldehyde group. Methane is libefated
| as a gaseous product, and is not detected in the
équeous leach analysis. |

Further reactions, common to amino-compounds sre

the removal of molecuiar hydrbgen, to give an aldehyde
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~and the corresponding amine,

Reaction 9

CHz | - s
R - CH -N - on,0u {=88)y R - 0H - N* - CH, + OH
CHy | 2
, 3
»R-0H~N+-CH6H+H0—.~.>R—CH0+N(CH )3+H
\
2
H++:6H'_-)H20
Reaction 10
03 1.3
;R-CH—N—CHGH-L——-)%R-CH Nt - cH,CH
. 2 I 2~ { -~ 2
CH . CH,
CH o
‘ w3
I{—CHZ-N -CH20H+H20.-_),R—CH2-N
i~ | CH3
CH -
2
'+ HCHO + H+

Reaction 9 would also explain the formation of
Primethylamine and an aldehydé, whereas Reaction 10
accounts for the formatlon of Weak base groups.

These molecular reactlons are p0881b1y more likely to



occur than Reactions 6 and 7 outlined previously,
Thevradiolysis of the tertiary, secondary and

primary amines in the leach solutions, at high

doses in the absence of oxygen, may also be explained

by an analogous mechasnism, i.e, removal of molecular

hydrogen or methane to give an intermediate imine,

- which consequently hydrolyses.

Reaction 11

H
o1 (~2H) .
AEH -3 —> CH, = N(CHB)

3

GH2 =vN(CH3) f H20 ——%!‘HCHO.+ CH3NH2
CHBNH2>;L:EEL>: CH, = NH

CHp = NH + H,0 —3 HOHO + NH; |

‘Reaction 12

CH
I 3 .

OHgN = CH, + Hy0 ——p' CHZNH, + HCHO

=t

f.CHB > HN = CH2 + CHq_
3 | '

Qe

H

BN = CH, + Hy0 ~——3> HCHO + NH,

140,
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Reactions 11 and 12 show that tertiary, secondary
and primary amines can be decomposed step-wisé to
give ammonia as a final product, o

The formaldehyde fofmed in each of the stages
above may take part in furthér reactions with the
aliphatic bases, particularly primary and secondary
aminés‘to givé hydroxy methyl derivatives, Which
readily further react to form bis alkylamino - or

bis dialkylamino derivatives., These reactions take

place in alkaline solution.

Reéction 13
CH3NH2 + HCHO fum*; CHBNH.'CHZOH‘
(033)2NH + HCHO '——q;‘(CH3)2N. CHZOH

Reaction 14

These reactions may explain why such low yields

of formaldéhyde are detected in the‘aqueous leach

solutions,



Conclusion

The reaction mechanisms pfésented_above have
been proposed to explain the more importantvexper-
imental observations, but they are in the main still
speculative, The great difficulty is that most of
the reactions are based on the nitrogehoﬁs products
released, because little is known about the residual
grouping remaining on the resin, Which appears to
be insoluble in all organic sblvents. A more
‘extensive study on.a model compound of the type

discussed, although not strictly analogous, would be

nelpful. Gas analysis would show if methane, hydrogen

or other gaseous products are liberated on irrad-

~iation.
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SECTION 16
"THERMAL STABILITY IN
'THE HYDROXIDE FORMNM
Al INTRODUCTION
- B. EXPERIMENTAL

¢l RESULTS AND DISCUSSION



A. INTRODUGTION

In manyvoperations, where anion exthange
resins in the hydroxide form ape.to be used, e.g,.
demiﬁeralisation, it is recommehded that process
solutions should be kept below 60°¢, It has been
suggested that the thermal instability of the resin
may in some way contribute towards tﬁe radiation
decompositioh( Thus, Fishef (93) postulafed that
a heating éffect, observed when resins afé irradiated
with cobalt-60 gamma radiation, could result in
decomposition, equal in magnitﬁde to that pfoduced
by the radiation itself, A local heatiﬁg effect.
of thié type is unlikely, since resin.samples‘are‘
not in contadf with the‘SOurcé capsuie,Jamd the-
maximum radiation‘enefgy (i;e. 1.5 watt hr/g) is
sbsorbed over a pefiod of weeks. It is, however,
of interest to investigate the properties of the
resing at elevéted temperaturés and compare the
results with those for irradiated resins.

 Wheaton and Baumann (147) and Swetz (148)
have shown that a resin in the chloride form, when
"heated at 100°C for 16 h?urs ddes not losé appre-
_ciable capacity. Marinsky and Potter (149) observed
8 loss of cagaéity at temperatures of 117° and

135°C when resin samples are heated in ampoules,



145,

They further found that the reaction obeyed first
order kinetics, and that basic, but unidentified,
decomposition products’were formed.

The present study, relates the changes in
anion exchange capacity to the basic products released
when resin samples in the hydroxide form are
maintained at boiling water temperature for up to

one week,

B. » EXPERIMENTAT

An agueous slurry, cohtaining approximately
1.0 g. of the resin in the hydroxide form, was
‘placed in a 50 ml.'rouﬁdebottomed distillation
flask, fitted with a short air-condenser dipping
into a receiver containing 5 - 6 ml. of distilled
water, The resin sample was refluxed at 95 - 10008;
’ by heating the flask in~an‘oil-bath., Volatile
products»are éollécted by dissolving them in a
small gasvfrap fitted %o pre&ent backsuction betwéen
the distillation flaék and the air condenser.

The dissolved volatile products and aqueous
leach Iiguor, after’heéting of the resin, were
combined and analysed for individual basic products,
i.e, tertiary and secondary amiﬁes, using the proe-

cedures outlined in Section 15.



TABIE 14
10SS OF CAPACITY ON HEATING AT BOILING
WATER TEMPERATURE
bHours of heating
0 4 26 120
2 | Strong Base 4,20 | 3.85 3.51 3,05
o] :
3 Weak Base 0,20 | 0.20 | 0.41 0.44
2 |
3 Total (a) 4,40 | 4,05 | 3,92 | 3.49
‘Tertiary - 0.30 | GO46 0.79
a |
ob Secondary - - - 10~2
=3 | |
§§ Total Amines (b)] - 0.30 | 0.46 | 0.79
"1 Total Nitrogen - 0.27 | o.42 | 0.76
Sum Total (a+b) 4,40 | 4,35 4,38 4,28
% Loss in Capacity - 8,00 |11.00 |21.00
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Both the strong and weak base capacitonf the
resin was determined after heating, and compared
with the capacity of blank samples, kept at room
temperature (25°0) duiing the period of heating,

Co RESULTS AND bISGUSSION
| The capacity measureﬁents;and analysis of
basic products of resin specimens heéted 4, 26
and 120 hours'are‘shownfin'Table 14, |

The results,show that heatingvat approximately
100°C produces a distinet change in capdcity,
resulting from a loss in duatéfnary capacity aﬁd
a smell increase in the weak vase capacity. Tertiary
amine 'appeazsto be the only basic product produced.
These reactlons ean ‘be explalned by Hofmann degradation.k

i) R = CH, - N(0H3)30H—-;R - CH2 - OH + N(CH )3
11) R = CH, - N(CH;);0H —s R - CH, - N(0Hj),

+ ?H3OH.
The total loss in quaternary capacity over 120 hrs,
is 28%, whereas the loss in total capacity over the
seme range is 21%. This is explained by a slight
aéonversion of strong base to Weakrbase capacity.

Accordingly, it would seem that 70% of the decom-

position is by reaction 1 (above)and 30% by reaction 2,
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The forﬁation of‘tertiary amine accouﬁts for
all the nitrogen present in the leach solution,
and this-is confirmed by the fact that.only trace
quantities of secondary amines are detectéd after
120 hrs. The build-up'of tertiary amine is shown
iﬁ Fig 20, the cbncentrétiﬁn beginning'to rise
after 120 hrs. |

Baumann (150) in a recent paper, has presented
results which confirm the observations found in this
' wofk. Resins heated at 9500, were found to de-
compose by two distinct processes, one accounting
for a 15% loss in capacity over a period of 3>days,
 the other a slower decdmpbsition, this reaction
having a half-life of 43 days., Both the fast and
slow reactions occur by Hofmann degradétion, the
pfoduction of tertiary amine corresponding to
60% of the decomposition., The terfiary base was
estimated by adsorbing it on a cation exchanger,
and measuriﬁg the change in the cation exchange
capacity. This would however, give results
cbrresponding to the total anions released on
heating, but Baumann showed good agreement between
loss in capacity and tertiary amine formed and
concluded that no other base was formed.

It is clear therefore, that the resin undergoes
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a rapid loss of.capacity ovér a period of 5 days,
by a mechanism which is not analogous to the radia-
tion decomposition mechanism. Baumann éhoWs that
further heating produces a'sléwer decomposition,

- lasting 43 days, after which the resin is useless
for chemical processing., This work would indicate
~that if resins were irradiated at temperatures of
100°C, then the rate of decomposition would increase
at first, but would later follow the radiation
degradation pattern more closely. Thermal decom-
position‘wouid therefore Be.expected‘to contribute
'pniy a small amount to the total loss of capacity

at high doses and at temperatures of up to 100°C.
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APPENDIX I

CALCULATION OF RESULTS
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A, CAPACITY CALCULATIONS

Volhard Titration Method

Normality of solutions:

i) Silver nitrate = 0,0953
ii) Ammonium Thiekyanate = 0,0961
Weight of resin sample = 1.13 g.

(50 ml, total solution)
Ammonia Leach - 10 ml. sample + 10 ml. 0.0953 Agl\TO3

Back titrate against 0,0961 NH, CNS

mls, before t;;;ation mls, after titration | titre
0 , 9.45 | 9.45

0 o - 9.45 9.45

Mean 9.45

A 9,45 mls, 0,0961 N NH4CNS

= 9.45 x 0.0961 mls, 0,0953NAgNO,
0.0953

9,51 mls, 0,0953 N AgNO3

(10,00 - 9.51) mils.

]

Excess silver
nitrate
0.49 mls,

Concentration of = 0,49 x 0,0953 x 5~
chloride ions ' B

0i234 m,equ,



Weak baéé capacity

0.234 m,equ/g.
1.13

Sodium Sulphate Leach

50 ml. total solution.

10 ml,XSample + 10 ml, 0,0953 N AgNQ3

Back titrate against 0.0961 N NHL,_CNS

mls, before titration | mls. after titration titre
0. 0,45 0.45
0,45 0.90 0,45
Mean 0.45

o 0,45 mls, 0.0961 N NH

Excess silver

nitrate

Concentration of
chloride ion

4CNS

0.45 x 0,0961 mls. O.O953N.Agl\TO3

0,0953

0,46 mls,

(10.00 - 0046)
9.54 mls,

4,54 m,equ.

151,
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[}
s
Ul
s

Strong base capacity - m.equ/g

= 4,22 m.equ/g

B. TOTAL NITROGEN DETERMINATIONS
Volume of aqueous leach = 50 ml.
Weight of resin = 0.92 g

Strength of acid = 0,11 N
 Strength of alkali = 0,12 §

Take 5 ml. aliquot and distil into 10 ml, 0.11 N
hydrochlofic_acid.

Now 10 ml; 0.11 N acid # 9,2 ml, 0.12 N alkali,
After steam distillation, 8,50 ml, alkali required

to neutralise distillate.

It

o« Excess alkali 9.2 - 8.50

= 007 mlS.

o« Concentration of produdts = -b.7>x 0.12 x 10
in distillate :
= 0,84 m.equ.

Concentration of nitrogen = 0.84 m,equ/g
in leach 0.92

= 0,91 m.equ/g



C. TO CATCULATE CONCENTRATION OF TERTIARY AND
SECONDARY AMINES IN A MIXTURE USING
FIGS. 13 AND 14

Volume of amine solution = 50 ml;
Weight of resin sample = 1,10 g
Analysis
| Tertiary Amine ,
Vol. of aliquot (mlq) Optical Density
0.2 | ot
0.2 0439
Mean = Qiﬁg

Secondary Amine

Vol, of aliquot (ml.) Optical Density
0.5 0.73
0.5 | 0475
Mean = 0,74

| Using Fig. 14 to calculate secondary amine concen-

trations,
Optical Density = 1.0 is eQuivalent to a
Concentration = 1.68 x 102 m.equ.

.ﬂ‘Concentfation of secondary amine in 50 ml. solution

= 0.74x 1,68 x 107> x 50 p.equ.
0.5

= 0,12 m.equ.

153.
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1,10

Concentration of secondary amine = 0,12

= 0.11 m.equw/g

Using Fige 13. to calculate tertiary amine condena
tration.

1) Correct for dimethylamine in samble.‘

Optical demsity = 1,0 is equivalent to a

Concentration = 2,20 x 1072 m.equ. dimethylamine,

In 0,2 ml. sample, contribution of dimethylamine to

optical density value = 0,12 x 0,2 x 1 .
| | . 50 2,2 x 107¢
= 0,02

~ 2) Corrected value of optical density fr tertiary
amine estimation is (0,40 - 0,02) = 0.38.

From Fig. 13.

Optical density = 1.0 when
Concentration = 5,53 x 10"3 m.equ, for trimethyl—
amine., »
S tertiary amine | = 0,38 x 5,53 x 1072 x 50
in 50 ml. solution .
0.2
= 0.53 m.equ
S« Concentration of = 0.53 m,equ/g

tertiary amine

—

o]
0.47 m.equ/g
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