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OBJECTS

A, With the present expansion in the use of artifi-

cial radioactive elements, the separation, purification,

and concentration of extremely minute amounts of material

are répidly becoming routine problems. The manipulation

by normal chemical methods 6f radiocactive atoms 1in the
preésence of comparatively overwhelming amounts of target
material is generally impossible without dilution of the
radioactive atoms by inactive atoms of the same chemical
specieg or of comparable chemical behaviour. For many
typeé oftapplibation of radioelements, such dilution is
undesirable, and other means of extraction must be sought.
These are generaliy more of a physico-chemical nature,
guch as electfolysis, complexing elution from ion-exchange
resins or extraction by organic solvents. Ehe electrolytic
obératioh'is often preferred, wherever its use is practi-
cable, by reasoniof the neatness and rapidity with which a

separation may be performed and the cleanness of the

resultant-product.

Fundamental to a study of electrochemical behaviour
is the Nernst Law, E = E°+ RT/nF 1ln C,relating the pétential
taken up by an electrode in a solution of its own ions to

the concentration of those ions. In regions of concentration
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down to 10~ N, there is no doubt that the law holds and

this has been frequently verified by normal electro-
chemical procedure. Below this rough limit of 1078,
there 1s scareely enough material to form even a mona-
tomic layér on the electrode, and some change in the
relationship mighp be expected to occur.

In this region, radioactive tracers have been used
as a sénsitive means of detection and, by their aid,
measurements have been made down to the region of lO'lEN.
Until comparatively reéently,hnwever,.only naturally radio-
active elements have been available and, as will be
‘discussed later in extenso, none of them is entirely sui-
table for the task. Perhaps as a result of this, experi-

mental evidence is largely contradictory and some are

 inclined to affirm, some to deny, the validity of the

Nernst rélationship in concentrations insufficient to

‘form monatomic layers.

It seemed that, by the use of an artificial radio-
active element more amenable to experimental treatment,
the matter might finally be resolved. The number of radio-

active substances which may be used for this purpose is

: éxtremely limited, and radio-silver of half-life seven

- days is one of the few to fulfil all the conditions.




It was therefore necessary to prepare the radioelement
free from all inactive gilver, from irradiated uranium:
this task, upon which the remainder of the work hinged,

was felt to be difficult but soluble.

" B. More effectively to utilise the equipmentt available,
ahd to minimise loss of time while irradiations of target
‘material to produce the requisite radioactive species were
in progréss, it was decided to carry out a parallel investi-
‘gation into a smaller problem. The extraction of protacti-
nium from its naturally-occurring sources has largely been
complicated by lack of information about its chemical
properties and by the vast amounts of chemically complex
material which have to be treated for the recovery of even
milligram quantities of the element.

Of recent years, there has become available a
suitable tracer, P a233, in large activities, by the use
- of which the study of the chemical behaviour of the element
is enormously facilitated. The attention of the author was
drawn by lMir.G.R.kartin to a paper in which the rapid
transformation of U03 into UFA by heating in Freon
4(dichlorodifluoromethane).was described. It seemed not

unlikely that the we&l-known volatility of the fluorides



of Group V should extend to P a, and that, by ignition
in Freon a'separation from non-vdlatile fluorides'might
be achieved., It was decided to investigate the reaction

using the tracef P a®33,

C. Before'work could begin on the problems outlined
above, due to the lack of apparatus and the requisite
radiocactive métefial, a request was made by the Medical
Research Council for the working-uﬁ of several sources
df radio-phosphorus from iron phosphide irradiated with
deuterons. No suitable methods had previously been des-
 qribed in the literature and it was necessary to evolve
}a method for ‘the separation not only of radio-phosphorus
but also of the minér radioactive constituents present

~in the highest possible yield and purity.

Achievement of these objiects ¢

A, After several months' work little progress had

been made in the extraction of radio-silver, though a

variety of different methods was tried, and. it was decided
to abandon the attempt. (In an Appendix, a method 1is

. described, fqr extraction of carrier-free Aglllvfrom

figssion products, worked out by the author at the Atomic




Energy Reséarch Establishment, Ninistry of Supply).
However, that approach to the sub ject which was being
made concurrently, by spontaneous deposition experiments,
wag carried forward; localized deposition on gurface im- -
perfections and crystal boundaries was found to occur.
For this, P 3233 was used. This material was also used

in an investigation of the electrochemistry of P a in
éulphuric solution, on which little information was

avallable.

B. It was shown that reaction between Freon and P a
is immeasurably slow in several hours at temperatures up
to 580° and therefore of little use in any separation pro-

cedure. Incidental, however, to this work is a series of

. experiments on the solvent extraction of P a from hydro-

chloric solutions. This work was taken to a point where
it afforded a rapid, easy, and complete, separation of

P a from Th and Zr, to facilitate the preparation of

~sources df P a from irradiated Th.

-

C. By choice of suitable methods, the separaticn
of "the constituents of irradiated iron phosphide was found
to be bbmparatively simple and the extraction entirely

successful,



For the sake of clarity, each of these objects will be
discussed in sepafate sections, with an appropriate

introduction to each.
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Apparatus and Technigue

Counting apparatus

The electronic apparatus used was bought from
the Atomic Enefgy Research Establishment, Harwell, and
consisted of ¢
_ | 1. A potentiometef panel fed from a Type T.l007
multichannel high-tension unit delivering 20 mA at 206CO
volts positivé or negative,

2. A probe unit Type T.200 embodying a single
amplification stage,

3, A scale-of-100, Type T.200.
These were generally perfectiy reliable, except for routine

. replacements such as neon lights,etc. in the scaler,

Counter-tubes were commercially available also,
but, since the window was too thick (25 mgm./cm2 of copper)
to measure soft radiations, particularly those from Co, kn,

and Zn, two new counter tubes were prepared with mica

windows.

Counter No.l : This, except for a period of about two

Fig. 1. The inside surface was finished mirror-smooth







centring the wire and simultaneously ensuring a good seal

- Counter No.2 was therefore constructed. Libby

‘counter isllower, the smaller the ratio diameter/length

metal portion was turned to fit a standard B.24 taper

"and the two waxed together with hot black Apiezon wax.

from the filling vapour (q.v.) into the grease). The metal

41)

with fine emery and "Brasso" : the window was 6.4 mgm. /cme

‘of mica. When working, this was most satisfactory, having

a plateau with a slope of about 1/2%, generally from about

1460-1600 volts. Normal operating voltage was in the region

© of 1530 volts. The chief disadvantage was found on the two

occasions when the counter had to be disassembled - once,
when a leak occurrédthrough the wax at the top, and again,
when, due to operating the counter in a horizontal posi-

tion, the tungsten wire bent slightly. On these occasions,

at the top proved rather tricky.

1)

cives

experimental curves showing that the'background of the

Qf the metal wall. The counter was therefore made with

rather more favourable dimensions than No.l. The top c¢f the

(At the first attempt, Apiezon grease 'i' was used, but
the counter was found to have an operating life of a few

days only; presumably due to to imbibition of the alcohol

Libby, Anal.Chem.,1947. 19. 2.




pdrtion was finished on the insgide by treatment with
yellow ammonium sulphide - the resultant askin of CuS
1s supposed by some to have a beneficial effect on the
counter chafacteristics; Dimensions are shewn in Fig. 3.
The window of this counter was 2.3 mgm/cm2 of
mica, and the plateau from 1420-1700 volts with little .
.slope. The background count was generally; about 8 - 10
C.D.M. lowerAthan No.l, and the efficiency ( measured
with a known weight of U308) 5.7% for one particular
geometry. Unfortunately, at the Fhird filling, the window
. imploded undér vacuum; due to the fact that aﬁ that time
the author was working with a strongly active source
and possibly having hands slightly contaminated, it was

shelved and subsequently not used again.

.Eilling_: A standard mixture of 10% ethyl alcohol, 9074

argon, at 10 cm.pressure, was always used.

On the few occasions when the background of the
counter grew to be rathef high~rand decontamination was
"felt to be necessary, this was easily accomplished by
immersingrthe Whole counter into 8N.HN03. and washing

with distilled water and acetone.
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| iiounting and Operation : Although a commercially-made
assembly wag obtalnable to hold counter, absorbers and
source in various geometriés,_it was felt that this
arrangement was too complicated for general use, and
undesirable becéuse of a large mass of aluminium below
the source and éround the céunter. The presence of a
large mass of material below the counter can give rise
10 a- spurious increase in'the‘counting-rate due to
baék-scattering of beta-particles. (See Fig._4 and
Yaffe and Justus 2): although comparative figureg for
aluminium are not available, the danger of spurious
couhts at low beta-energies is evident). The plates of
aluminiumvat the side of the counter may also cause

- aberrations by scattering into the counter particles
which otherwise would not have been intercepted by tﬁe
window. Whiie these errors are probably quite reproducible
for a given geometry of source, absorber and counter, and
for a given energy of particle, nevertheless it was felt
.iﬁat'a éimpler annd more flexible arrangement was desi-
_rable. This consisted, see Fié. 2, of a piece of thin
~aluminium sheet bent to form three sides of a square,

with a piece of "Perspex" bolted on to form a top :

2) 1948,
Yaffe and JustusdPhys.Revf,Zﬁ. 1400,
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" this sheet had & central hole cut to the size of the
counter‘window and rebated to form a seat for the counter
base.;Below this, strips of aluminium were bent and
rivepted on to form three slots. The shelves to fit these
slots were cut from 18 ga. aluminium,.with a central
éincular hole 2" in diameter. These served both to mount
.sources and to hold absorbers. In usé, the holder was
sérewed to the base of a lead '"castle', the lead from
'the'probe unit being taken out through the back.
The counter was initially Célibrated by means of
a thin layer of aged Us0g of known weight, and the
observed counting-rate due to UXo compared with the
'calcﬁlated value. On the three shelves of the holder,
the efficiences were, for Counter 1 : top shelf 13.5%
middle shelf 6.3%
bottom shelf  2.7%.
Since a stahdard for everyday use should have a value
of something in the région of 10,000 c.p.m., so that a
statistical.acéuracy of 1% or better may be obtained
iﬁ'a minute or two, a subsidiary standard was prepared
tougive this counting—rate,'consisting of a rather
ﬁhick layer of aged U308 of unknown weight, cemented

£Ogether to form a permanent source with a little
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diluted collodion. This was then calibrated against the

primary standard.

Abgorbers : These were made in thicknesses of from 1.56
mgm./cme , and were mounted with "Durex" cellulose tape
across the central hole in an aluminium piate. For the
thinnést sheets, o0ld dry electrolytic condensers prbved

to be the best source of material. As few sheets as
possible were used to form a given thickness, as it was
found that, e.g., one sheet of 50 mgm/cm2 gave rather less
absorption than five sheets of 10 mgm./cm2 each : this is

probably due to extra scattering in the latter,

§burces : These were mounted either on a small 1" disc
of .aluminium or (preferably) oh a 1" watchglass. Aftxer
drying under an infra-red lamp, they were mounted on a

strip of cellulose tape gummed across the hole of an

‘aluminium sheet.

Chemical Manipulation :

This differs considerably from that obtaining

in'normal'laboratory practice, since the scale of operation

'~ is generally rather small (with milligrams or so of mate-

rial) and since the propertiéseboth chemical and physiolo-
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gicai of radioactive substances necegsitate special pre-
cautions being taken. It may therefore not be irrelevant
to give a brief résumé of the manipulative methods used:
these vary somewhat depending on the particular problenm,

but certain principles may be given.

§§§995}y_ggg}yg_@§§g§}§}§ ¢ These were always worked up
into the desired form in a special room énd only brought
out under definite conditions : either in tracer quantities
only for long-living material (say, of half-life greater
than a month) or as a pure sburce where the half-life is
reasonably short as fdr P32 or P a233. The object of this
Waé to avoid contamination of other rooms and apparatus.
Also, with the same object in view, glassware which had
been used in the treatment of strong sources was not trans-
fefred from room to room, or from preparation to prepara-
tion, withoup strict cleansing and checking for activity
with é beta-counter. _

To avoid harmful physiological effects, work was
performed behind a 2" lead wall wherever the activity was
greater than 5 millicuries, particularly of gamma-emitters,
and alwayélin a strong draught in a fume-cupboard. Surgi-

. cal rubber gloves were worn. Nothing was placed in the

mouth while work was in progress; pipettes of different
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capacities were used for.transfer of liquids or sus-

pensions, and were operéted‘by means of rubber teats.
E Similarly, a small hand wash-bottle was operated with
a squeeze-bulb; .

PreCauti§ns were taken to avoid the creation of
active dust: éaterial was not allowed to contaminaté
the outside of containers, pipettes always being used
.td transfér liquids from one vessei td_another. Even
with tracér quantities, where pouring was occasionally
resorped to, the hanging drop on the rim of the con-
tainer was‘ﬁashed off with the vessel-still in the in-
clined position. Any material spilled was immediately
_and rigorously wiped up with paper tissue and much
water. To avoild the creation of spréy, which might carry
acti#ity, solutions were never boiled, but steamed on
a waterbath; and held partly immersed by a perforated

can in the case of tubes.,

999???1}¥’ both with strong sources and with tracer
quantities, centrifugation was used tb separate_solid
and 1iquid phases; wherever the material represented
a pure source, or the total amount possessed, the space

‘between‘centrifuge tube and the metal container of the

spinner was filled with water to equalise pressure:
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this has always prevented breakage, which otherwise occa-
sionally occurred. Filter-paper was never used; not only
does it adsorb amoﬁnts of material gfeater or less, depen-
ding on the conditions, but also these contaminated papers
remain a health hazard until permanently destroyed. In |
addition, centrifugation is a mqéh more efficient process:
previous expefience has shewn that a precipitate of less
than @.2 mgm. can be. recovered better than 99% by 15 mins.
centrifugation at 2000 r.p.m. |
Separating funnels were never used: not only is it
difficult to obtain a sharp sepafétion, but also leakage
around tap and stopper may be dangerous and is always un-
desirable, Also, if organic solvents are used, the intro-
‘duction of tap-grease into the system 1s most unwelcome,
Theréfore, all separations of two liquid phases were made
-with transfer pipettes, which avoid these difficulties.
Before breaking off for meals, etc., when strongly

active material was in use, the hands were always scrubbed

and checked underneath a counter.,
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SECTION I

Separation of the Constituents of Iron and
Copper irradiated with Deuterons.

There was a period of two or three months before
work could begin on the other problems outlined, due to
lack of apparatus and the requisite radioactive material.

A request was made, however, by the Medical Research
Council for the working-up of several sources of radio-
phosphorus, prepared in the Berkeley (Gélif.),apd:Cambrldge

cyclotrons.

Since the power fo be dissipdted in a cyelotron
beam may be of the order of Kw/cm s tﬁe use of elementary
phosphorus is precluded due to danger of volatilisation
and contamination of the machine. The éeneralymethod of
bombardmentyptllises therefore iron;phosphide or copﬁer
phosphide, both of which are relativegy non-volatile and
are good thermal conductors. They-have the further advantage
that they may be volatilised in vacuo\or soldered to a
metal hacking for water-cooling.

Typical of these sources 1is a copper probe target
from the Cambridge cyclotron. The weight of iron phosphide

was about 100 mgm. and wasg fused onto the copper probe tip

in a small hydrogen furnace. The actual size of probe and

NN

3

aet

[}



| deposit ig shewn in Fig;5 
‘Bombardments were with 6.7 Mev
| deuterons for several hours

with beam currents up tb_SO‘

microamps. o
fféblmf

The main reactions and'proddcts to be expected

‘are the following :.

Cu-~(d,p) Cu , Half-life 12.8 Brs.

65 66.- . ., . o T
Cu (d,p) Cu .~ ... s+ . f'5umins,

65 . 65 - T
Cu (d,2n) Zn ' R 250 days.

31 32 S T
P (d,p) P ‘ s 1403 days.
56 54 SR ST
Fe " (d,« ) Mn- . - - 3lo-days. -

. 56 ] 56 . e . ,‘ k. }:|:' :"»'; o .
- Fe (d,2n) Co " .- =+ - .+ .72 daays. .
- 56 5T - SRR T S

Fe (d,n) Co 'f_?;27bfhays;

and, to a lesser extent, because of the low abundances -

of the target nuclei, i
54 52 , B o
Fe (d,«.) Mn ; _ Lun 6.5 days.
54 55 . . - B , R
Fe (d,p) Fe o ca. 4 yrs.
58 59 . o '

Te  (d,p) Fe 47 aays.
The activities due to copper;disappeared’pradtic-
ally completely before treatment began, due_to;their short

half-life and the time necessafy for transport} The over-
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32
whelmlng proportlon of the act1v1ty was due to P  and

extractlon of this was the prime objective. The result
of this was two—fold. it was necessary for the separation
to Dbe completed in»a'short time, before the .radio-phos- &
‘phorus had appreciably“decayed so that the minor con- ' ‘}hf
stituents could not be detected if some of them were to q
“.contaminate the flnal product And secondly, to separate
' the minor constituents from each other with certalnﬁy,
it was necessary to wait several half;liveS'of Pjgnontil,{ﬂ
) traces oflthis'nuclide left behind~by‘the,extracttonfi
‘process had dlsappeared | | .
The- only constituents present in welghable amount o
_’were the orlglnal Cu,nFe and P. The other posslble elements,
actlve Mn, Co and Zn, are present only on a sub-microscoplc
ba51s. It may be- readlly calculated for example, that
one microcurle of Zn65 has.a welght of about 1. 5 lO lO gm.
In most. of thé'targets-extracted the Cactivity due to
these minor constltuents was in the region of 8 lO micro-
curies. Generally, therefore, except for Zn present &8s
‘impurity. in the orlglnal copper, there is an absolutely

-unwelghable amount of materlal present which behaves

chemlcally~as Zn. (For comparison,-one of the most sensi-

tive chemical tests - the turmeric thread test for boron -
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‘ 3)
has a limit of identification of 10~° gm. ).

In normal chemical manipulation, particularly

- for precipitation reactions, there must be a reasonably
large mass of material, otherwise anomalous behaviour
may dccur.'Also at these concentrations, even in dilute
acid, there may be a much larger concentration of

| hydﬁ%yl ions than of the radioelement, and also traces
of dissolved‘salts which are not of significance in
normal chemical practice may have an overwhelming effect.
" Therefore, to stabiligse the chemistry, and to facilitate
chemical manipulatién, small guantities of the stable
naturélly-occurring element (of an element chemically

" 8imilar in the reactions to be studied) are added, as
"carrier". The amount is generally about 5-10 mgm.,Ehough
this may vary with considerations of the ultimate speci-
fiq activity desired and the scale of operations.

The pre&iously described method 4)4for the sepa-
ration of phosphdrus from such a target involves 1its
dissolution'in aqua regias with-subsequent precipitation
of ammonium .phosphomolybdate. This ppecipitate is con-

verted to magnesium ammonium phosphate by solution in

3) ‘ : .
‘Benedetti Pichler,"liicrotechnique of Inorganic Analysis"
Wiley, 1942.p.70.

) |
Wilson and Kamen, Phys.Rev.,1938.54. 103l.
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ammonia and treatment with' magnesia. This may be converted
to sodium phosphate by treatment with the stoichiometric
guantity of sodium hydroxjde in the hot. The phosphate
K may be decanted from the residual magnesia precipitate.
This method 1is disadvantageous in that, though
separation of the phosphorus is simple, the addition of
eXcess ammohium molybdate for the initial precipitation
‘makeé the separation of the minor constituents difficult
and‘no satisfactory solution has yet been described.

_ | To avold this procedure, a new approach was out-
Vlined by Dr.K.F.Chackett and worked out by him in colla-
boration with Mr.G;R.Martin and the author 4a)' The
initiél idea was to chlorinate the whole of the tarzet
maﬁerial.at an elevated temperature, in the hope that
the phosphorus might distil off as PClS, leaving the
other constituents behind. This was tested, aad chlori-
nation found to proceed rapidly, but the separation was
nof clean, due to the comparatively low volatility of

'PClS and the volatility of FeCl3. The chlorine was thére-

fore diéplaced by air, which in turn was displaced by
hydrogen. Heating then reduced the compounds to the .lower

chlorides, when FeCl, remained behind, the PCl3 being

43) |
F.A.Paneth, Quarterly Reviews, 1948. II.1l02.
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carried forward.

A typlcal runicarried out with Dr.Chackett may be
described: The tiﬁ of the copper probe was cut off with
a hacksawlto minimise the amount of inactive material -
3 rough check of g€ and y - activity showed that the

portion to be discarded was essentially inactive. The
residual tip was placed in a nyex tube 12 mm. 1i.d.

and about a metre long. A slow étream of chlorine, from

a KMnO4 ~HCl generator, was dried with conc. H2504 and
led over the sample, which was heated with an electricv
.tube furnace. The gases bubbled through a train of three
water traps.'At 3505, the reaction began and proceeded
with great vigour, tﬁe mass sinterming and glowing dull
red. The chlorine generator was quite unable to keep

pace with the demand and water began to suck back within
the traps, which had to be disconnected. For future
chlorinations, a cylinder of gas was held to be essential.
The iron and phosphorus, as their upper chlorides,
distilled a distance of 10 - 15 cm. from the reacting mass.
When assimilation of chlorine was complete, the traps
were re-connected and the products allowed to cool in
chlorine., A stream of air, dried over sulphuric acid, was

passed through. This was then displaced by hydrogen, and
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the furnace temperature raised'to 250° - 300°. NWo fur:her
sublimation occurfedvfrom the éintered mass, sd the fur-
nace was gradually moved along the tube towards the traps.
‘These .quickly separated the sublimate into two fractions,
a white band of shining crystals about 4 cm wide, pre-
‘-sumably of,ferréus chloride, and a colourless distillate,
which was moved along as far as the traps. The tube was
’cﬁt, after cooling in hydrogen, at the visible limits of
deposition. The contents of the traps were combined and
evaporated to.a smaller bﬁlk. The chlorination aﬁd re-
duption occupied rather more than an hour and a half.
Further treatment of the phosphorus distillate
was félt to be hecessary. The precipitate, which was un-
expected, was centrifuged-off'and its activity measured.
This.was about 8% of the total. The residual solution was
taken down to small bulk, when a further small precipitate
cameibut, this was Jjoined to;the first. The totalweight
6f thesg precipitates was estimated "at about 2 mgm. It was
found that it was soluble both in 8N.HNO3 and in Caustic>
goda, and was felt to be an'aluminium phogphate. The source
of the aluminium is not clear - the iron phosphide used
to prepare the target was later found to be noﬁ of "AnalaR"

grade, but an old specimen of indeterminate history:
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presumably it containedﬁ small amount of aluminium. In
view of the smallness of the proportion of total phos-
phorus activity associated with the precipitate, and the
difficulty of conversion into free phosphoric acid on
such a tiny scale, it was abandoned after identification.

In all, there were extracted from this particular

target 2.2 millicuries of P32 as phosphoric acid, which

was estimated to be about 90% of the total from ﬁ-activity

measurements made on the initial material.

The residues were washed together, dissolved, and
ﬁaken down to drynesgs with conc. HNO3 , to ensure oxidation
of cuprous and ferrous chlorides, then fumed down twice
with conc. HCl to convert them completely to chlorides.
This solution was allowed to stand for five months, to

ensure almost complete decay of p3e present.

Separation of the Minor Constituents :

These consist, as we have seen, of isotopes of
the chemical species Mn, Co, Fe, and Zn, in the presence
of a comparatively large amount (5 - 10 gn.) of Cu.

Preliminary Experiments : These were made on a small

aliquot (about 10%) of the total.
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Removal of Iron : The most obvious starfing-point is
to remove iron by extraction with ether of ferric
chloride. The sample was evaporated to dryness and
“taken up in warm 6.50i.HC1l, cooled, and then extracted
wiph equal volumes of ‘ether (previously equilibrated
by shaking with a large excess of 6.5K.HC1) until no
further yellow colour due to iron could be seen in the
ether layer. This generally éntailed three or four ex-
tractions.‘Since the weight of iron was reasonably high
(about 8 mgm.) the efficiency of this step was quite
high and 1ittle iron could be detectedAin later stages.
(The overall efficiency could not be determined since
the initial amount present was not well-defined). These
ether extracts were combined and the ferric chloride
extracted into a small volume of water. The measured
activity of this was always extremely low, but activities
due to iron in the residual copper solution were minimised
by édding 50 mgm. of ferric chloride and re-extracting.
This step was repeated.

The disadvantage of the ether method for the
removal of iron is that the partition coefficient for
ferric chloride in ether-water mixtures is high with

respect to ether only in the immediatq_neighbourhood
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véf 6.5N.ECl and is small at aciditlies less than 5 N or
gréater than 7.5N.5)’6) In an attempt'to obviate this
difficulty,'trial experimentswere made to remove ferric
iohlin a complex with thiocyanate by means of extraction
"~ with methyl propyl ketone. It was found that in widely
different concentrations of iron and ammonium thio;
cyanate the iron was visually almost completely extracted
with an eqﬁal volume of solvent. Unfortunately, cobalt,
and, to a lesser exteht , manganese are extractable also
in these conditions (molybdenum also, -should an ammonium
| phosphomolybdate precipitation be ﬁsed at an earlier
stage). It has been reported 2 that di-isopropyl ether
16 excellent for removing ferric chloride from 9N.,HCl -

~a quantity of this solvent was ordered, but arrived too

late to be of use.

Separation of Copper : The separation of copper from
;1nc by electrolysis is a standard analytical procedure,
but it was thought that in the deposition of a large

amount of copper, microamounts of Co, Mn and Zn might be

occluded. Later work shoWed,vindeed; the feaslibility of

5)
Noyes,Fray, "Qualitative Analysis for the Rarer Elements",

N p.161.
. 6). ’
Dodson et.al.,J.A.C.S.,1936.5_. 2375.
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‘.a perfectly sh#rp separation of Cu and Zn by electplysis,
but 1ﬁ the meantime a chemical method of removing the
copper was successful. Hoﬁever,-to preserve contlnulty,

. we may describe the electrolyﬁic method here.

| . Portions of an old copper target which had no ad-
hering iron phosphlde énd therefore no activity but Zn65
were etched with 8N.HNO3 to an average depth of 100 mgm./cm@,
“or 0.1 mm; this removed over 90% of the activity (showing
the &ery small depth of penetration of the bombarding
deuterons), This solution was evaporated to dryness and
taken up in 200 ml. of o.18'1\r.H2;~§o4 plus a little conc.

HNO5. Current from & 6 v. accumulator with a few ohms

_ resistance to give 700 mA. was passed through the solution

" with a rotating Pt cathode and a Pt wire anode, at 70°,
until thé solution was colourléss, and continued there-

‘ after for an hour. This took eleven hours in all, and the
residual solution had then no colour with HpoS. The welght

of the Cu‘deposit was 2.714 gm.; there was no detectable
3/-'act1vity in the deposit, whefeas the residual solution
was intensely active. Measurements of ﬁ - activity showed
about 200 c.p.m. on the deposit, and 107.c.p.m. left in

the éolution. This shows the great shappness of the

separation.
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| The next most obvious step would be the removal
of copper by sulphide precipitation from acid solution.
It was felt that this procedure would be unwise, since
-moat text-books of analytical chemistry stress the
possibility of Group IV catilons (1nciud1ng Co, Mn, and
Zn) coming down to someextent in the presence of a large
amount of copper sulphide; thls also agrees with the
comparatively small amount of evidence we possess oOn
adsorption and coprecipitation. In fact, as will be seen
presently, this objection was trivial.

' It was hoped to separate out the cobalt by form-

| ation of a complex with o-nitroso- A -naphtol, elther
as a preclpitate or by extraction with an organlc golvent.
It was found nezessary, though, to add much larger quantil-
ties of the reagent than corresponded to the 5 mgm. of Co
present - presumably to complex the copper. Exactly the
same type of objection was found 1in the extraction of Zn
with dithizone. The residues from these attempts were
" evaporated down with nltric acild to remove organic matter,
ihen taken_ﬁp in hydrochloric acid. In crystallising
cupric chloride from the solution, no great fractlonatlon
was found to occur. The use of ammonium chloride to complex

the copper produced no material improvement.
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At this point, precipitation of copper sulphide was
resorted-to. The solution was taken to dryness and ﬁhe
"residue dissolved in 1.5 N.HC1l:HpS was then passed until
the copper sulphide coagulated, using a fine drawn-out
tube to increase mechanical agitation. The precipitate
was centrifuged off and washed twice with a few ml, of
0.2 NQHCl. A portion was transferred to a countins'tray
by means of acetone - it was found to be inactive.

(When pure active manganese and cobalt had been
prepared, this was furtherlinvestigated. Two dentrifuge
tubesywre prepared , each containing 10 mgm. of copper
as chloride dissolved in waﬁer. To one was added active
manganese, to the other active cobalt, with only an
infinitesimél amount of free acid - certainly.inafficient
to lower the pH below 4. Quantities were chosen to give
'10,000 c¢.p.m. in the counter, through a screen of
14 mgm./cm2 of aluminium, to minimise differences of
~source thickness, this activity being associated with
0.2 mgm. of manganese and 0.0l mgm. of cobalt respective-
ly. st was passed through each to coagulation, and the
brecipitates washed with water twice; they were then
mounted with acetone and counted through the aluminium

screen. No activity above background could be detected
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with either, certainly less than 5 c.p.m. could have been
detected in the prolonged counts made. This shows then
that the 10 mgmn. of copper had carried less than O.l

microgram of manganese or 0.005 microgram of cobalt. In

view of this, a projected series of experlments similar

ﬁo the above, with varying conditions of acidity, etc.,
was not made.

The feasibility, shown by this experiment, of
precipitating quantities of the order of grams of copper
as sulphidé from a weakly acid solution containing only
milligrams of Co, Mn, énd Zn, without entrainment of
tﬁeéq, was amply confirmed in later work where no diffi-
culty arising froﬁ such entrainment was encountered).’

From the copper-free solution, containing only
Mn, Co, and Zn, HpoS was expelled by evaporation to dryness.

From this point onwards, there are several means described

i-by which the rémainihg constituents may be separated.

Separation 6f Mn : The method recommended by Noyes and

Bfay for the removal of Mn without carrying of other

.Gfoup IV cations, by oxidation to MnO, in conc.nitric.
" acid solution with potassium chlorate, mas found to

" proceed fuilte reédily.

"Qualitative Analysis for the Rarer Elements", p.l97.
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Separation of Co ¢ From thé residual solutlon, Co was
F'precipitated with'caustic soda to alkalinity, followed

by a little solid sodium peroxide powder to ensure complete
removal of cobalt axide and to ensure separation from Zn.
§§p§gg§;9g_9§;§g ¢ We are now left with a solution of

Zn in excess caustic soda; since Zn forms very few in-
soluble compounds, the precipitation of the hydroxide
seemed as good a method as any for removal from the

- large excess of sodium salts and any impurity which might
have entered.
8) 9)

Hildebrand and Bowers and Britton describe

' potentiometric titrations of Zn in sulphate solution

with caustic soda. Experiments made using known quanti-
ties of zinc chloride, and measuring the pH on a "Cambridge"
pH meter proved an effective way of estimating the zinc

even in loﬁ concentrations. Plots of d(pH)/dV, where V

‘ is the volume of standard NaOH used, were used to esti-
mate discontinuities in the titration curves accurately.

The volume of solution was 75 ml. (In conformity with

the results of Britton, a disparity was found between

quantity added and found, for high concentrations. As

8)
)J.A.C.S., 1916. 38. T785.
9 A

J.B.8., 1925. 127. 2110.
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Table I shews, however, the method is reliable for small

quantities).

Table I

Mgm. Zn added : 1.75 8.60 34.3 79.0

Mgm. Zn found

1.63  8.60 34.0 69.2

" The pH obtalning while Zn(OH)2 was precipltating was found

to rise slowly from 7 to about 8.4, as NaOH was addéd. For
routine preclipltations of Zn, it was found sufficient to
épproach the end-point of phenolphthalein from the acid
slde. Centrifugation of suspensions of Zn65 at pH 8.3
determined in this way gave a coagulated precipitate of
over 99% of the total activity present.

Having this obtained a suitable method, the resi-
dues of six targetswere worked up. It is perhaps best to

describe the extraction of the most active, since the less

actlve were combined for convenience of extraction.

Final Extrgction s Thls target was of 1ron and copper bom-
bardéd in the Berkeley (Calif.) cyclotron and was by far the
most active. The weight wés estimated to be about 4 gm. No
details of irradiation, except.that deuterons were used,

wére.available. All the target material - phosphorus being
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absent - was dissolved ln»conc.HCl with a little conc.HNo3
added to hasten‘reactibn. Thén 10 mgm. each of Co, Mn and
Zn were added and the mass evaporated to dryness on the
waterbath. |
’ Foliowing the preliminary experiments outlined

above, the following procedure was adopted :

1. Dissolve in 20 ml. 6.5 N.HC1 and extract five
times with 15 ml quantities of ether equilibrated with
6.5 N.HCl : extracts were combined and re-extracted with
wéter, giving what we may call an "iron concentrate".

2. Precipitation of the copper as sulphide from
tthe residual solution, diluted to 1.5N. Thé precipitate
was washed well twice with 10 ml. of 0.1 N,HC1 and the
lﬂ-activity compared with that of the supernatant solution;
it was found ﬁo be negligible, The precipitate was discarded,
the waéhings being added to the main bulk of solution, which

was evaporated to dryness on the waterbath.

| 3. Residue taken up in 10 ml conc. HNO, heated,

) and ébout 200 mgm. of powdered KClO3 was added slowly. A
ﬁatchgiass was placed over the basin,'and the whole steamed
for l5 mins; The suspension was centrifuged and the precipi-
tatélof MnO, washed with 2 ml. of conc. HNOB, giving a

manganese concentrate.




 4. The supernatant solution and wash were taken
to a volume of about 1 ml., in the evaporating basin, then
washed with water into a 50 ml. centrifuge conc. Thls was
suspended in boiling water and 6N.NaOH added until precip-
1£ation occurred : 200 mgm. of sodium peroxide were added
slowly, with'stirfing. The suspension was heated for 15 mins.,
centrifuged, and the precipitate washed with a little dilu-
ted precipitant. This gave a éobalt concentrate.

. 5. To the cooled caustic solution, phenolphthélein
was added, followed by 6N.HC1l dropwise until the magenta
dis#ppeared; very dilute caustic soda was then added until
the_p;nk tinge barely returned. The suspension was heated
td coagulate the zinc hydroxide,‘which was then taken off
and washed ﬁith water. The washings and supernatant liquor

were -almost inactive and were therefore discarded.

It is pfeferable to refer to these separated fractions
a8 "concentrates", since they must 1ﬁev1tably contain at
leastjtraces of the other radioelements‘preaent, the quantity
ﬁebeﬁding on the efficiency of the chemiehl separation em-
ployed. It is therefore necessary to repeat the separation
process on the concentrate at least once and perhaps several

times to obtain a pure radioelément. We may illustrate this
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with the cobalt concentrate.

~‘ This wés dissolved in é little conc. HNO3 and 5 mgm.
of "hold-back carriers" added fdr the possible contaminants -
1p this'case,'only for Mn and Zn, since the activity of
iron was so low (a few microcuries totally) and the weight
of inactive iron so great (1550 mgm.) that any activity due
to 1ron left in the sample would be negligible. The separ-
ation processes were repeated, beginhing with the precipita-
" tion of MnOp, then, from the solution, preéipitating Co
- as the oxide._

An absorption curve of this colbalt was made, by
interposins bétween counter and source screens of aluminium
of varying weight/cme. A plot of observed count for each
screen versus the weight was then made.

: The separation cycle was repeated a second time,
after again adding Mn and'Zn. Thg precipitate of MnO, was
washed and counted - it was found to'be essentially 1nactive
(léss than 10_4 of the activity in the cobalt). The Co was
precipitated, then the Zn : the Zn also was found to be
1nadt1§ef Another absorption curve (shewn in Fig.6) was
~ prepared for an aliquot of the cobalt - it was exactly super-
imposable on that previously obtained. These facts show that

~ one repftition of the separation process 1s sufficient to
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obtain a reasonably good "decontamination" of the cobalt
from'unwanted activitiés. In this case, a decontamination
factor of 164 was held to be adequate for medical purposes:
radloactively pure and chemically pure may not necessarily
be concomitant 10).

Similar cycles of decontamination were made to
purifj the‘Mn, Fe, and Zn. To give an idea of the scale of
operation, we may quote the activities separated from this
,target; to the above degree of purity :

59 :
7.5 microcuries of Fe (with 1550 mgm.inactive Fe)
: 56 - 57
142 microcuries Co and Co (10 mgm.Co)
54

8 microcuries of Mn (10 mgm. Mn)
8.5 microcuries Zn6_5 (lO.mgm.Zn).
Absorption curves for Co, Mn and Zn are shewn in
Figs. 6 and 7, respectively. In the case of Mn and Zn, the
energies calculated from the Feather relationship between
range in aluminium, R.gm/cmz, and maximum beta-energy,
Ep (Mev)
| R = 0.543 E, - 0.160

and the number of components present corresponds with

- 54 65 10a)
published values for simple Mn-“ and Zn~ - respectively .
10)

- Ve, ©.g8.Hevesy & Paneth, "Manudl of Radloactivity",1938.
p.203.
10a) .

Seaborg, Rev.Mod.Phys., 1944. 1l6. 1.




For-CObalt, values were found which corresponded to 0056
and Co57 (half-1ives of 72 days and 270 days respectively).
The absorption curve of this sample was plotted at widely-
separated intervals and showed a gradual change in form
and in the proportions of the various components present,
as the shorter-living died out. As might be éxpected from
the véry‘low natural abundance of Fe58A(O.28%), there is

no significant quantity of co2® formed by a (d,2n) reaction.






































































































































































































































































































































































