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FOREWORD

The Subcommittee on Radiochemlstry is one of a number of
gsubcommittees worklng under the Commlttee on Nuclear Sclence
within the Natlonal Academy of Sciences - Natlonal Research
Council., 1Its members represent government, industrlal, and
university laboratories in the areas of nucléear chemlstry and
analytical chemistry,

The Subcommlttee has concerned 1ltself wlth fthose areas of
nuclear science which involve the chemist, such as the collec-
tlon and dilstribution of radlochemilcal procedures, the estab-
lishment of specificatlons for radiochemilcally pure reagents,
avallablllity of cyclotron time for service lrradlations, the
place of radiochemistry in the undergraduate college program,
ete.

This serles of monographs has grown out of the need for
up-to-date compililations of radiochemical infeormation and pro-
cedures. The Subcommlttee has endeavored to present a serles
whlich will be of maximum use to the working scilentist and
which contains the latest avallable informatlon. Each mono-
graph collects 1n one volume the pertinent information requlred
for radiochemical work with an indilvidual element or a group of
closely related elements.

"An expert 1ln the radiochemistry of the particular element
has written the monograph, following a standard format developed
by the Subcommlttee. The Atomlc Enhergy Commlsslon has sponsored
the printing of the series.

The Subcommlttee 1s confident these publications wlll be
useful not oniy to the radiochemist but also to the research
worker 1n other filelds such as physics, blochemlstry or medicine
‘Wwho wishes to use radiochemlcal technlques to solve a specific
problem.

W. Wayne Melnke, Chalrman
Subcommittee on Radlochemlstry
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INTRODUCTION

This volume which deals with the radiochemistry of
palladium is one of a serles of monographs on radiochemistry
of the elements. There 1ls included a revlew of the nuclear
and chemlcal features of particular interest to the radio-
chemlst, a discussion of problems of dissolutlon of .a sample
and countling technilques, and finally, a collection of radlo-
chemical procedures for the element as found in the litera-
ture. ' o '

] The serles of monographs wlll cover all elements for ]
which radiochemlcal procedures are pertlnent. Plans 1nclude
revision of the monograph perlodically as new techniques and
procedures warrant. The reader 1s therefore.encouraged to
call to the attentlon of the author any published or unpub-
l1ished materlal on the radiochemlstry of palladium which
might be included 1in a revised verslon of the monograph.
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The Radiochemistry of Palladium

OVE T. HOGDAHL*
University-of Michigan
Ann Arbor, Michigan

I. .GENERAL REVIEWS OF THE INORGANIC AND ANALYTICAL CHEMISTRY
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9. Hillebrand, W. F., Lundell, G. E. F., Bright, H. A.,
Hoffman, J. F., "Applied Inorganic Analysls", 2nd ed.,
John Wlley and Sons, Inc., New York, 1953, pp. 339-385.
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II. TABLE OF ISOTOPES OF PALLADIUM (1,2)

%: i Method of
Isotope Half Life Abundance Type of Decay Preparation
pa® 17.5 m | BC ru?® (24 Mev a,2n)
pa9? 2i.6m sty Ru®(17 Mev a,n)
pa190 4.1 d EC,y ’h193 (50 Mev d,5n)
Ag(480 Mev p)
ag (420 Mev p)
pql0t 8.5 h EC,BY,y (17 Mev a,n)
’ Ru99(40 Mev «,2n)
pa’®®  stavle = 0.96 o
pal®  17.04a . ' EC,y Rh1 (4, 2n)
' Rhlo?(p,n)
~1Pd102(n,7)
pal®*  gtavle ©  10.97
Pat0?  gstable 22.23
pal®®  stable 27.33
Pato™™ 51 .3 gsec | IT pa*%® (thn,v)
pal® (n,2n)
pal07 7 x 106 y : _ g7, no v U(n,f)
Pd108 - stable 26.7
pal®M - 475 W IT 2219 (n,p)
PleB(thn,y)

Pdllo($25 Mev n,2n)



II. TABLE OF ISOTOPES OF PALLADIUM (Cont.)

% Method of
Isotope Half Life Abundance Type of Decay Preparation
10 -
pal®? 135 n B,y Pal%® (thn,v)

Pat10%(<20 Mev n,2n)
2g'9%(6.5 mMev 4,2p)

pa'1O(y,n)
| U (thn,f)"’
pall®  stable 11.81 | |
patt®m 55 h IT,8” Pal20(20 Mev 4,p)
| Cd114(14 Mev n,qa)
'Pd:Lll 22 m B,y Pdllo(thn,y)
Cd114(14 Mev n,a)
U(thn,f)
patl? o1 n | BTy U(thn,t)
palld 1.4 m B™, no v u(d,r)
call®(15 Mev n,a)
Pd114 2.4 m B~, no vy u(da,r) |
patl> 45 gec _ 81, U(d,f)

no strong vy

III. PALLADIUM CHEMISTRY OF INTEREST TO RADIOCHEMISTS

Palladlum belongs to Subgroup VII, platinum metals,
transition series Ru, Rh, Pd4.

Palladium and platinum resemble one another more closely
fhan any other palr 1n the group of platinum metals. Both
elements are normally only divalent. and tetravalent; with palla-
dium the tetravalency 1s much less stable than the divalenéy,
while with platinum both are equally stable. There are some
indicatlons that monovalent palladlum exlsts, but no such com-

pound has been i1solated. Trivalent palladium compounds do



exist, and have been isolated; bub they are unstable ‘and are
unlikely to be encountered in radiochemical work.. -

Palladium 1s the most abundant of theé platinum metals in
the earth's crust as a whdlé, forming about 1 part in 108, whilch
is about twlce as much as platinum. The element is found
together with the other'platinum metals, as well as in speéial-
minerals such as bragglte (a mixture of platinum, palladium and

nickel sulfides), which contailns about 20 per cent of palladium,

potarite (PdHg) and stibiopalladinite (PdBSb). The element can
also be recovered from the anode mud of copper and nlckel re-
finlng plants.

A. Metallle Palladium

Palladium 1s a silveryfwhite ductile metal with a ﬁelting
point of 1553.6° ¢ (3). Its density 1s variously given, depend-
ing upon 1ts physical condition, ranging from 11.4 at 22.50 c (4)
to 11.97 at o° ¢ (5). It 1s known that absorption of-hydrogén
decreases the density (6). The latter reference gilves the value
11.96 at 18° c.

The element can be obtalned in different physical states,
compact and colloildal metal, palladium sponge and palladium
black. The metal alloys wlth most metals, 1s a powerful catalyst
{especlally as the paliadium black or colloidal metél), and
absorbs many different gases (the most readlly absorbed is
hydrogen) .

Compact palladlum 1s only slightly attacked by concentrated
hydrochloric acid, but the finely dlvided metal obtalned by.
reduction wlth Zn dissolves easlly 1n hot hydrochloric acid.
Dilute niltric acld has 1llttle action on the metal, although 1t
does dissolve palladlum when present in certaln alloys, such as
those with silver or copper. Concentrated nitric acld readily

attacks the metal. Palladlum 1s readlly dissolved in aqua regla.

4



The halogens dilssolved 1n. hydrochloric acid also dissolve The
metal. Bolling sulfuric acid dissolves the metal, more easlly
in the presence of an alkall or ammonlium sulfate. Palladium 1is
not attacked by hydrofluoric.acid. Palladium, like rhodium{ but
unllke platinum, osmium and 1ndium, dissolves in fused potassium
hydrogeq sulfate, yleldlng palladous sulfate._ The metal 1s also
dissolved in.fused.ammonium sulfate or nltrate, formlng an amine.
Fuslon with sodium peroxide or alkalil hydroiide eonverts 1t 1nto
the hydrated palladium monoxide. _

By means of 1ts electrochemiéal behavior, palladium can Be
precipltated as a metal from its salt solutlion by many different
reagents, unless 1t 18 1n solutlon 1n the form of a very stable
complex. Sllver does not reduce palladium as a metal from
solutlons of 1its salts, but palladium salt solutions are reduced
by all metals whlch reduce sllver from solutions of sllver salts.
Palladium is also reduced out as a metal from solutlon of palla-
dilum dichlorlde .by hydrazlne hydrate, potassium nitrite, phbs—
phorus, formlc acld, methane, acetylene and sulfurous acid. The
reductlon by ethylene l1s recommended as a means of separating
palladium from the other platinum metals (7). Sulfur dioxide _
preclpltates the metal from a solutlon of palladous nltrate and
sulfate, but not from a solutilon of pallédium dichloride.

B. Palladium Compounds

Palladium monoxide (or palladous oxide), P40. The oxide

can be prepared by many different methods. For example the oxilde
can be obtalned by heatlng palladium 1n oxygen at 8300 C, by l
strongly heating palladlum amalgam, by fusing palladium wilth
sodium peroxlde or alkall hydroxlde, by treating solutlons of
palladoﬁs gsalt with alkall hydroxide, or hydrolyzing a falntly
acldlc solutlon of the nitrate byiboiling it with water.

The hydrated oxlde prepared by the wet processes contain



rather more water than corresponds wlth palladous hydroxilde;
Pd(OH)E. The preclpitated hydroxide separates with varying
amounts of comblned water, and the color varles ln a correspond-
ing manner from yellowlsh-brown To black. The anhydrous oxlde
1s obtained only by heating the hydrate at 806O to 840° C in
oxygen. When precipltated in the cold, the hydrated monoxlde is
soluble 1n diluted acids, and 1n an excess of alkall hydroxilde,
but when precipltated hot, or bolled in the mother liquor, 1t 1s
no longer completely soluble, even in bolling, concentrated
alkall hydroxide. When dried at 100° C, 1t 1s insoluble in
acetlc acld, and nearly 1nsoluble 1n sulfuric and nitrilc aclds.
The anhydrous oxlde 1s very sparingly soluble in hydrochloric
acld, and in aqua regla.

Palladium dloxlde, PdOp. The dloxlde can only be made in

the wet way, and 1s only known 1n the hydrated form. Hydrated
dioxlde, Pdoa-nHeo, can be prépared as a dark red preclpiltate

by treating a solution of potassium chloropalladate, K PdCl6,

2
wlth a sllght excess of potasslum hydroxlde. When the precipil-
tate 1s washed and dried over concentrated sulfurilc acld, a
product which approximates PdO,-2H,0, or Pd(OH)4 1s obtained.

The hydrated dloxlde 1s unstable, and 1t decomposes slowly
Into moﬁoiide and oxygen even 1n contact with cold water. When
freshly preclpitated, it 1s insoluble 1n a diluted solution of
sodlum hydroxlde.

The hydrated dioxide 1s a strong oxldlzing agént and reduces
hydrogen peroxide both 1n acldlc and alkalilne solutidns.

Palladilum dlflucride, PdF2. - The compound can be obtained

as a brown preclpltate when hydrofluoric acld 1s added to a
concentrated solutlion of palladous nitrate. The product is
sparingly soluble 1n water, but more soluble 1n hydrofluoric

acld. Potasslum fluopalladite, KEPdFM’ 1s preclpitated when

6



potassium fluoride 1s added to a.solutlon of palladous nitrate.

Palladlum tetrafluoride. No fluorlne compounds of -tetra-

valent palladium, simple or complex, are known.

Palledium dichloride (or palladous chloride), PAdClp. -The

salt can be prepared by eyaporating_to drynéas a solution of
palladium 1n: aqua regila, and dehydrating the reslidue by a gentlé.
heat. It 1is also formed, as a .sublimate, by heating_spongy-pal;a—,
dium or palladlum sulfide 1n chlorine.

The anhydrous dlchloride forms red crystals which are very
hygroscopic and readily soluble 1n water, from whlch they
crystallize 1n hygroscopile crystals of the dlhydrate Pd012-2H20;_

In hydrochloric acld solutlons, PdCl2 forms the complex lons
PdClae'. The dissoclation constant of the chloropalladite ilon,
(Pd2+)(Cl_)4/Pd0142_, has been found by emf measurement to be

about 6 x 10 14

at 25° ¢ (8). The complex forms a serles of
salts which have the general formula MEI[Pd014]. . By evaporating
a solution contalnlng palladium dichloride and alkall chlorides,
crystals .of the alkali-tetrachloropalladate(II) salts (or alkali-
chloropalladite) 1s formed, e.g., KQ[PdClMJ, which 1s very
soluble in water.

Though the different amilne complexes qf palladium are dis-
cussed later, 1t 1s lmportant to pay attention to the fact that
palladium forms both complex anions and cations. By treatlng a
solution of palladiﬁm dichloride with ammonla, a preclpitate 1is
first formed, which 1s redissolved In an excess of ammonia,
yielding the tetraamine complex, Pd(NH3)42+{ By adding hydro-
chloriec acld to this solutilon, the palladous dichlorodlamilne,
[Pd(NH3)2012], 1s precipltated out. The salt is slightly soluble
in water, sparingly soluble 1n hot nitric acld, soluble 1n

potassilum and sodlum hydroxides and ammonla, and soluble in hot

concentrated hydrochloric acild.



Palladous dichloride 1s Very.reédily‘reduced-innsolution
to the metal;f The different'réducingﬂreagentsiare dlscussed
elsewhere 1in thls document.

"Palladium tetrachloride (or palladic chlorilde), PdCly. An

aqueous solutlon of the tetrachloride as the complex PdClse' can
be obtained-by.diﬁsolving palladium dichloride 1n'concentrated
aqua regla wlth gentle heating:. The dark brown solution .contains
a mlxture of.PdClue-'and.Pd0162f and it gives 4 precipitate-of
potasslum chloropalladate, K2[Pd016], when treated with potassium
chloride, whille potassium chloropalladite, K2[Pd014], remains in
solution. Palladiuﬁ'tetrachloride has not been 1lsolated.

Palladium dibromide (or palladous bromide), PdBra. The

compound 1s obtalned by the actlon of a mixture of hydrobromic
and nitric¢ aclds on the metal, and removing the nltrous acids by
bolling and evaporatlon with an excess of hydrobromlc acld. The
brown, amorphous maes 1ls lnsoluble .1n water and Iin alcoﬁol, but
golublé in hydrobromlc acld. It 1s decomposed by water.

Tetrabromopalladate(II) salts (or bromopalladite salts) of
the form MQIdeBrul have been obtalned.

Palladium tetrabromide (or palladic bromide), PdBrYy. The

compound has not been prepared, only complex salts of the form
Io.
M2 [PdBI’G] .
Palladium dilodide (or palladous lodide), PdIo. The dilodide

1s prepared by the addltlon of potassium lodlde to'a solution of
a palladous salt in sllight excess. When the salt 1s drled in
-H

alr, the monohydrate, PdI 0, 1s formed. To obtain the anhy-

2 72
drous dllodide, the precipiltate must be drlied 1n vacuo.

The compound 18 insoluble 1n water; alcohol, ether,
diluted nitric acld, and hydrochloric acid, slightly soluble
in hydriodic acid and hot, concentrated nitric acid, soluble in

ammonia and methylacetate, and easlly soluble 1n a solution of



potassium iodlde, forming the complex,_Pdlu?f.,;From.a,ﬂqlution
containing.this,complex,.complex.iodides'such.as*M%[PdIu] can

be obtained.

NQ igding_qompqunds Qthetrava%ent palladium,_simple,or
complex, are known.

Palladlum mono- and disulfides, PdS and PdSp.  ‘Palladium

monosulfide (or palladous sulfide?-can be obtalned by the ‘actlon
of hydrogen sulfide on a solutlon of a palladous salt. -The
precipitate 1s ilnsoluble 1n amﬁonium sulfide and in hydrochlorilc
acld, but 1t 1s soluble 1n nitric acld and aqua regila.

If the thio salt formed by adding excess of alkali sulfilde..
to a solution of a palladous salt 1s decomposed wlth acetic acid
in presence of a iarge quantity'of ammonium acetate, the palla-
dium disulfide 1s preclpitated.  The precilpitate can.be'filtered
very easily, and 1s in such 'a condition. that 1t can be welghed
directly for the determination of the content of fthe metal {9).

Palladium monosulflde can also be made by heating metéllic
palladium with sulfur. . ‘ _ _ _

Palladlum disulfide iﬁ obtalned by melting together palla-
dium monosulfide or ammonlum chloropalladate with a mixture of
equél parts of sulfur and sodlum carbonate.

Other palladlum salfts.

Palladous'nitrate, Pd(NO3)2, can be obtained by dissolving
palladium 1n nitriec acld. The compound cannot be‘perfectly
dried. The salt 15 very soluble 1n water, yileldling a solutlon .
which 1s readily hydrolyzed, formlng hydrated palladium monoxilde.

Palladous sulfate, Pdsou,bcan'be obtalned by dissolving .

palladium in hot, concentrated sulfurlc acld in the presence of
an alkall or ammonium sulfate, or by fusing palladium with
potassium hydrogen sulfate. Both the dilhydrate and tﬁe mono-

hydrate are hygroscoplc and are easlly hydrolyzed by water,



yieldihg hydrated paliadium monoxlde and baslc sulfates.

Palladous cyanide, Pd(CN)E, 1s formed when a solution of

potassium or mercurlc cyanlide 1s added to a solutlon of palla-
dlum 1n aqua regla. No other platinum metals form cyanldes under
these ceondiltions (10). Palladous cyanide gilves complex salts
with'alkaliﬂe cyanldes.

Palladous thilocyanate, Pd(CNS)é, is obtalried as a reddish

preclpitate when a solution of a palladous salt i1s treated with
ammonium thibdyanate.: The compound 18 soluble 1n an excess of
the reagent, forming the complex anion, Pd(CNs)ue'.

Complexes of divalent palladium. Divalent palladium forms

fairly stable complexes, 1n nearly all of which 1t has a co-
ordination number of 4. The stability of the complexes 1s
éreater than with nickel, but less than wlth platinum. The
L-covalent complexes are nearly all of four types (11): 1)
[Pdmu]mz; 11) [PdAm2c1'2]; 111) [(PdAm012)2]; and 1v) (NHM)E
[PdCIL], in which Am represents ammonla, an amine, or half a

diaminé,-and the chlorine atoms can be replaced by other acidilc

groups. The_NH3 can also be replaced by the sulfur or selenlum

of the thio- or seleno-ethers, or by oxygen.

This 18 not the place to'describe the numerous different
complexes of palladium which have been 1solated. Only a few
complexes wlll be mentloned briefly, to glve an ldea of the
different types of complexes which can be formed.

‘The simple palladous tetraaminochloride, [Pd(NH3)4]Clz’
can be formed by the action of dry ammonia on dry palladous
chloride. It is very soluble 1n water, formlng the complex
catlon Pd(NH3)42+. A éeries of tetraamlne salts has been made,
wilth ammonla, pyrldine, ethylene dlamine, etc. (12).

The dlamines, [PdAmQCle], which are not lonized, have been

made 1n great variety. One method to obtaln the compounds is

10



by the action of aéid dn'the tetraamine. The simplest dlamlne,
[Pd(NH3)2012], 1s, for example, formed by adding hydrochloric
acld to a solutlon of tetraaminochloride. The chlorline atoms

In the general formula of the dlamlnes can be replaced by varlous
other radicals both monovalent and divalent.  Well known are
bromides, lodldes, nitro-compounds, and oxalato-compounds.

The coordlnated molecule Am 1n the complexes of the type
[(PdAmClE)e] 18 not an amine, but can be a tertiary phosphine
or arslne, or another molecule such as carbon monoxlde or even '
ethylene (11).

The dnlonlc complexes are all of the type Mg[PdRu], where
R can be CN, CNS, N02, Cl, Br, or I.

There exlst also many chelate complexes where the palladium
atom may be attached to nltrogen, oxygen, and/or sulfur atoms.
Many of these éomplexes are used fof the-separation ahd/or deter-
mination of palladium; The chelatling agents will be mentloned
in the chapter covering the ahalyfical chemistry of palladium.
Oonly the glyoxime cbmpounds wlll be described here as an examplé
of thesé chelate complexes. The'substituted glybxime compiexes

are dichelate, and of the.type:'

0-H-0
/ \
R R
N N 7
AS c e N Y xn
| Pd |
/N
20 N N7 °s
R N ;- R
O~H-0

The compounds can be made by the actlon of the glyoxime on
palladium dichloride i1n hydrochloric acid solution. Examples
of these glyoxime compounds, which are very SIightly soluble 1n
water, are the complexes of dimethylglyoxlme, benzoyl-methyl-

glyoxime, and a-furlldloxime.

11



Compleies of tetravalent palladium-are only confined to a-

few complex sulfides, halldes, and amlnes. . The most lmportant

are the complex halldes of the type MgiPd(Hal)6], where (Hal)
represents chlorine or ‘bromine.. The potassium chloropalladate,
[or potassium hexachloropalladate(IV)],-K2[Pd016], can for example
be obtailned by dissolving palladlium dichlorlide in ﬁqua regia, and_
precipitating the salt by adding potassium chloride to the solu-
tion. (Described earliler in this document.) The complex salt
dissolves 1n dllute hydrochloric acid, and is slightly soluble

1n water. The solubllity product of K2[Pd016] i1n water at 25o C
1s found to be 6 x 10—6 (13).

IV. THE ANALYTICAL CHEMISTRY OF PALLADIUM

A. Separation by Precipitation

The concentratlon of palladium from'ores prior to a gra#if
metric determination, can be carried out by gupellatipn or fire
assay methods (14,15,16,39). The results of the analysis based
on these methods are too small, however, owlng to losses of
palladium during the fire assay (15,16).

Palladlum may be concentrated from diluted solutlons by
copreclpltating with elemental ftellurlum obtalned by reductilon
of a tellurlte wilth stannous chloride or simllar strong reduclng
agents. @Gold, siiver, and rhodlum accompany palladium. Tellurium
can be volatllized from the collected precipitate by ignition.
Addition of ammonium lodlde accelerates the volatilization (17).

Small amounts of palladlum may also be recovered from dilpte
solutions by precipitating.palladium wlth hydrogen sulfide 1n the
presence of lead (18). '

Procedures fof the systematle separatlon and determination

of the platinum metals may be found 1n many textbooks of quanti-
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tative 1norganic chemistry and in publlshed. papers (19-23). Having
a solution of only platinum metals, one of the standard methods
(23) 1s to removefpsmium.and ruthenium by distlllation of 080y
and Ru04; followed by preclpitating rhodlum, palladium, and
iridium as hydrated oxides -(2L), leaving platinum in solution.
Palladlum 18 then separated from:rhodilum and 1ridium by dissolving
the hydrated oxldes 1n hydrochloric acld and precipiltating palla-
dium-with dimethylglyoxime.
The-precipitation of palladlum as cyanide or lodlde has
been recommended as a separation from the other platinum metals,
as well as from gold and basic metals, except sllver, copper, and
lead (19). _
Palladium can alsoc be separated as the metal from the other

platinum metals by reducing out the metal from a hydrochloric
acld solution at 80° C by ethylene (7).. . The reaction is reported
to be specific for palladium, but two hours'are needed for quan-
titative precipiltation.

| 4 literature survey clearly shows that the uppermost. used
reagent for both separation dand determination of palladium is -
dimethylglyoxime. It was"first'introduced'by Wunder and Thiringer
(25), and has togethef wlth a few otlier organic reagents,
practically displéced reagents formerly used, such as mercurilc
cyanide, hydrogen sulflde, and potassium lodide. The dimethyl-
" glyoxime complex with palladium 1s-formed 1n dilute acid solu-.
tiohs, is sparingiy'soluble In water and dllute hydrochloric or
nitric acid, soluble in ammonla, chloroform and benzéne, and
decomposes 1n concdentrated nitric acld and "‘in-.aqua regia.: For
the usé'of dimethylglyoxime as a reagent for both separation and
determination of palladium, see the references (23,26) and the
references llsted in chapter VII in thils monograph.

Many derivatives of glyoxlme. other than the dimethyl deriva-
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tive have been used as a reagent for the gra&imetric determlna-
tion of palladium. Holtzer (26) reports that benzoyl-methyl-
glyoxime, as well as dlmethylglyoxime (and salicylaldoxime) pre-
cipitates palladium quantitatively from a solution of palladlum
dichloride in 2-3 M hydrochlorile acld. Platinum will not inter-
fere under -these conditlons. @a-furlldloxime has alsc been used
as a precipitant_for-palladium (27). Other reagents which can
be classified as derlvatives of glyoxime are 1,2-cyclohexanedione-
dloxime (28) and 4-methyl-1,2-cyclohexanedionedioxime (29). The
latter reagent 1s reported to be an excellent reagent for the
gravimetric determlination of both palladium and nickel. Nickel
preclplitates quantitatively at pH 3, and palladium 1n the pH 
range 0.7 to 5. The reagent 1s water soluble, and wlll therefore
form preclpltates nearly free from contamination of excess re-

_ agent. The precipltate filters easlly and does not creep. It
seéms to have some advantage 1n preference to dimethylglyoxime

as a preclpitant for palladlum, but because of its higher equlva-
lent welght, the precipltate 1s 1likely to be more bﬁlky than the
precipilitate formed by dimethylglyoxime, and thus may involve a
higher degree of copreclpltation. \

Other satilsfactory reagents used for the precilpltation Qf
palladium are salicyialdoxime (26,30), l-nitroso-2-naphthol (31,
32), 3-hydroxy-1,3-diphenyltriazine (33), B-hydroxy-naphthaldehyde
(34) and thiourea (35). Fraser et al. (30) have separated 5 mg
quantlties of palladium from a concentrated lead solution by a
double precipitatlon with salicylaldoxime, and Holtzer (26) re-
ports that platinum wlill not interfere 1f palladium is preclpltated
with the same reagent from 2-3 M hydrochlorlc aclid. In addition
to palladium l-nltroso-2-napthol will precilpitate gold and many
other elements from hydrochloric acld solutions, but it will not

preclplitate the other platinum metals.
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The 3-hydroxy-1,3-dliphenyltriazine (33)iis not only use- -
ful for determlnation of palladiuﬁ in the presence of other
members of the platinum group, but it is also a rather specific
reagent when other elements are concerned. Below pH 3 1t forms
preclpitates only with Cu(II), Pd(II), Fe(II), Fe(III),.vanadate,
V(III), Ti(IV), and molybdate. All but those of Gu(II) and
PA(II) decompose on heating in .acidic medium, thus makinhg the
reagent highly selective for Cu(II) and PA(II).- The palladium
complex 1s granular, not volumlnous llke the dlmethylglyoxime
complex, 1s more stable toward heat and acld than the same com-
plex, and can be flltered quickly 1n the hot state. Au(III),
Ag(I) and 0s(IV) inferfere because they are reduced to the
metalllc state by the reagent. The palladium complex 1is soluble
1n.a mixture of concentrated sulfur and niltric acid (4:1), and
1s also very soluble in:benzene and chlorofcrm.-

B. Separatilon by Solvent Extractlon

Morrison and Frelser (36-38) have reviewed the applications
of lon assoclatlon and chelate complex systems to the determina- -
tion of most of the elements. Attention should also be glven to
the article of McBryde (39), a review of the different methods
which can be used for the separation of gold and the-six_platinum_
metals, and to an article which discusses solvent extraction 1n
radiochemical separatilons (40).

The following methods for separating palladium by solvent
extractlion have not been reported to have been used in any radilo-
chemlcal separatlon procedure, except for the extraction of palla-
dium by dimethylglyoxime into chloroform (108, 115). Therefore,
when certaln elements 1n a speclfic extraction method are re-
ported not %o interfere, 1t means that the elements do not in-
terfere 1n measurements whilch are based on principles not in-

volving the detectlon of radloactive disintegrations. Attention
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should alsc be pald to the fact-tﬁat-many'of the procedures are
only- developed for specilfic purposes. which 1nvolve separation of
palldgdium from a restricted number of elements. Even i1f non-
radiochemical separation-methods are concerned, many :of the
methods therefore need a more lntensive Investigation before they
can be used in the general case. Thls 18 even more true 1f palla-
dlum is“going-to be sepafated radiochemlically, because radlo-
active contanilnants can Ilnterfere seriously even 1f they are

only extracted i1n extremely small quantities. - This-review:is
therefore mainly meant to be used.as a basis for devéloping
radiochemical separatilion ﬁrocedures for palladium.

C. -Ton Assoclation Systems

Duke and Stawpert (41) have reported that palladium can be-
‘separated from niobium and zlrconium by extractlon of the lodide
complex, Pdqu_,'intd isobﬁtyl'methyl ketone. The aqueous
solution was '20% v/v with respect to sulfuric .acid, and con-
talned U4 moles.of pbtassium iodide for.every mole of palladium.
The systém was .not studied exhaustively-With regard:-to lnter-
ferences; but they found -that chloride lons allowed a partial -
extraction of ‘both niloblum 'and zilrconlum. They also found that:
palladium sulfate was extracted'Bo%'into'1sobutyl methyl ketone
in the presence of only 20% V/V'of sulfurlc acld. West and.
Carlton (42) found that Pd, Bl, Hg, Fe, Pb,.Cu, Cd, Rh, Au; and
Ru were extracted at least partially as lodldes into several
organic 301vents; 1ncluding methyl 1sobutyl ketone. The metals:
Were extracted from solutlons of thelr lodildes in' the presence
of potasslum lodide and hydrochlorilc acld. McBryde-(39) has
found that palladlum can be separated from platinum and rhodium_
by éxtracting palladium from a hydrolodilc acid solutilon into =
isqbutyl methyl ketone, but doubts whether the separation possesses

the practilcal advanhtages found 1n other methods. -
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-Palledium can be completely extracted into methyl iso-propyl-
ketone from-acldic aqueous solutilons containing'thio:cyanate lons
(43).  Pe, Cu, Zn, Hg and Au are also extracted. The thilocyanate
complex of palladium is also repdrted to be extracted with. butyl
or 1so-amylalcohol (43). The system needs further investigation .
as far d8 Interferences from other elementslare‘concerned.

Between:pH 6.3 and 10.3, West et al. (44) were: able to ex-
tract copper.by a solution of 5% capric acld in ethyl acetate. -
Mn, Fe, N1, Co,.Ru and Pd are .also extracted to a more or less
extent. The system needs more. lnvestigatlon with regard to ex-
traction of palladlum. '

The technique of 11quid-1iquig:extractiqn with_highamolecular
welght amlnes has also been used for extractlon of palladium.
Zlegler has extracted the palladiﬁm complex formed when a solutilon
of palladium nitrate.ls treated wlth sodium thlosulfate, into.
methylene ¢hloride by tributylammoniumacetate. The only elements
Interfering are Ag, Pb, V and U (45)}. Ziegler (46) has also ex--
tracted the citrate and tartrate complexes of palladlum into:
methylene chloride by tri-n-butylammoniumcitrate and tri-n-butyl-
ammoniumtartrate respectively, using an excess of tri-n-putyl-
amines. Elements whlich are extracted tc a more or.less extent
are V, U, Fe, B1, Au, Rh, Zr and Ce. |

D. Chelate Complex Systems

Palladium forms a chelate complex with dimethylglyoxime
which can be extracted into chloroform. Young (47) separated
palladlum from platlnum, gold and silver by extracting palladium;
dimethyl-glyoximate out of a solutlon approximately 1 M in.HESOA.
Small quantitiles of niltric acild and hydrochlorilc -acld prevented
gold and platinum from interfering. Fraser et al. (30) report .
that palladlum was completely extracted with chloroform from.

dllute nitric acid after the palladium had been complexed with -
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dimethylglyoxlime. - Palladlum was separated from Pb, Pt, N1, Cu
and Fe, the latter element causing the only interfefence. With
the use of EDTA (dilsodium salt of ethylene dlamlnetetrasacetic
acld), the interférence from lron was prevented.

Glyoxime compounds other than the dimethylglyoxime have
also been used for Eeparating-palladium. Menls and Rains (48)
report that palladium can be separated from gold and the other
platinum metals by extracting the palladlum-alpha-furlldioximate
from a solution of_hydrochlofic acild (0.1-1.4 N HC1l) into chloro-
form. Cyanlde lons prevent the formation of the alpha-furill-
dioxime complex.

Sodium diethyldithiocarbamate has proved an effectlve ex-
traction reagent for almost two dozen metals (36). The selec-
~ tivity of the reagent can be improved by using sodium ethylene-

dlaminetetraacetate (EDTA) as a masking agent, and by a proper
ad justment of the pH.  Bode (49) has found that palladium c¢an

be extracted as the dlethyldithiocarbamate complex from a solutlon
which contains EDTA.- At pH 11.0, Cu, Ag, Hg, Bi,-’i‘l(III), Au,
'Og_and Pt are also extracted to a more or less degree. FPalladium
has .also been extracted as the same complex from strong hydro-.
chloric acld solutlons into chloroform (50). . This latter system
needs more investigatlon when interferences from other elements,
are concerned. L L _

Cheng (51) has separated palladium from a number of elements
by using 2—nitrosof1-naphthol.:_Thg palladium complex 1s formed
" at a pH 1.5 - 3.5 and after adding EDTA as a masklng agent, the
solution.is made baslc with ammonlum hydroxide and the palladium
naphthalate 1s extracted into toluene. When measuring spectro-
photometrically, Fe, Cu, N1, Co, Cr and the Pt metals do not
interfere. Ross et al. (52) have also used thls reagent for

gseparation and determlnatlon of palladlum in presence of a large
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amount of uranium, containing ruthenlum, rhodium and zirconium.
Thelr procedure was based upon Cheng's method, but to avold pre-
cipitation of uranlum as a diuranate_prior to the extractlon of
the balladium naphthalate, the extractlon was carrled out i1n a
PH range of 1 to 2. The excess reagent was alsq extracted under
these condit;ons, but 1t could be scrubbed from the toluene phase
with a dilute solutlon of sodlum hydroxide. The amount of palla-
dium was measured spegtrophotometrically. No interference of U,
Ru, Rh and Zr could be detected by this_method.

Dithizone in carbon tetrachloride_extracts palladium(II)
dquantitatively from 1 Nf(and_doubtless stronger) hydrochloric
acid solutions. Other metals extracted are gold(III), sllver,
mercury, and copper. ‘Much phloride, and espegially-brqmide,
prevents reaction of silver (53). Young (47) found that in the

. presence of dimethylglyoxime, hydrochlorilc acid,_and nitric acid,
dithizone does not react with silver, gold and platinum(IV).

As polnted qut earller.in this document, 3-hydroxy-1,3-di-
phenyltriazine_is a speclfilc feagent for palladium. _Of_all the
complexes whlch are formed at a pH below 3, only those of copper
and palladium are atable agalnst heating 1in acid solution (33).
The fact that the complexes are very soluble in benzene and
chloroform may perhaps be used as a method of separation of
pailadium from many other elements by solvent extraction._

~ 8-mercaptoquinoline (thiooxine) has been used as a reagent
for colorimetric determination of palladium (54). The complex
1s stable 1n strong acid solution, and can be easlly extracted
by most organic solvents. Palladlum has been determlned in’ the
presence of Pt, Os, Ru,_Rh, Ir, Cu, Ag, Au, Hg, Fe, N1, Co, Zn,
Cd,_Ge,_Mn, T, As, Sb, Bi, Sn, Se, W, Mo, Pb, U and Y.

Cheng et al. (55) have 1nvestlgated 1-(2-pyridylazo)-2-

nhaphthol as a posslble analytical reagent. It forms complexes
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with a number of different elements, including palladium. Almost
all of them are soluble in ém&l aléohoi. ‘A further study with
the reagent, particularly of the effect of pH upon extraction,
might be quite ‘frultful. ' -

| Palladilum also forms a complex:with phenYifhiourea in dilute
hydrbchloric'acid-Which is quantitatively extracted into'either
‘ethyl or amyl acetate. U40% of Pt(IV), 16% of Cu, and under 1% of
Ir(Iv), Rh(III), Ru(III), 0s(IV), ‘Au(III), Pe(III), Co, N1, and
Cr(VI) are extracted (56). ' '

Beck (57) has shown that thiosallcylideneethylenediimine
forms chloroform-extractable complexes with a number of elements,
including palladium. Mercury(II) forms the most stable complex
and can displace the other metals. The system needs further
investigation.

8-hydroxyquinoline (8-quinolinol, or oxine) are known to
form chelate complexes with a number.of elements, 1lncluding palla-
dlum. Oxilne extractlon has been studled in detall for almost
twenty metals. The pertinent data 1s summarized by Morrison and
Freiser (36). No separatlon methods for palladlum, based ﬁpon
extractlon of the oxine ¢omplex have been reported, but from the
data given (36) 1t seems reasonable to assume that palladium may
be extracted from a dilute hydrochlorlc acid solution into chloro-
form with.little interference from other elements.

Other reagents used for extractlion of palladilum are mentloned
briefly below. p-nltrosodimethylaniline has been used for
separating palladium from platinum by extraction lnto purified
chloroform (50). p-nitrosodiphenylamine 1s able to separate
palladium from Pt, Rh and Ir by extracting the palladilum coﬁplex
into ethylacetate, ether, or chloroform (58,59). Sa (60) has
extracted palladium with 5-methyl-8-quinolinol into chloroform.

Dutt et al. (61) used diallyldithlocarbamldohydrazine and chloro-
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form, and Kodama_(62)_coniferin, HC10,, and chloroform. Pa)ladium
has also been geparafed from Pt, Rh and Ir:by using antipyrine,
HC1 and KI 1n the aqueous phase and chloroform as the organilc
phase (63). Prior to a colorimetric determination of palladium,
Peshkova et al. (64) extracted the element into benzene. by
salicylaldehyde from a weakly aqid:ﬂolﬁtion_containing_a large
excess. of hydroxylamline, and also by means of 1,2-naphthaquinone,
a large excess_ofthydroxylamine,.and_chloroform. Co, Cu, N;, Fe,
Pt(IV) and Ir(IV) did not interfere.

Clark (65) reports that dibenzoyldithlol, in strong hydro-
_chloric acld, only gives a stable complex with,Pd(II) and Se(IV).
The extractlon of the palladium complex has not been 1lnvestigated.
Zlegler et al. (66) havg used the reaction between palladium and
lsopropenylacetylene as a qualitative test.forlthis element. They
report that the 1sopropenyl—pa}ladiumacetylid formed, 1s extract-
_ able 1nto chloroform, and that the reagent used 1s falrly specific
for palladiﬁm. cher reagents which are more or less speciﬂic
for detectlon of palladium are phenoxthin (phenothiqxine), thio-
glycolic .acid, and thiomalic acid (67). It is possible that these
reagents may prove to be useful in separatlion procedures for.balla-

dium.

E. ' Separatlon by Ion Exchange

Stevenson et al. {68) have separated palladium from Pt,. Rh,
and Ir by the use of the catlon resin, Dowex-50. The solution
of these metals was taken near dryness repeatedly with a mixture
of nitrle acld and perchloric acld until every trace of halilde
‘1ons was removed, and the lons were left in a small volume of
fuming perchloric ‘acld. The solution was. dlluted with water and
was run.inﬁo the top of the resin. Platinum passed through, but

the others were retalned. Palladlum was then easlly stripped from
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the column with dilute (0.05-0.5 M) hydrochloric acid, while
rhodium and iridium were graduelly eluted with 2Mand 4-6 M
hydrochloric acld respectively. Karttunen et al. (69) used the
same method, and réported that palladium was quantitat1Veiy
eluted with 0.3 M hydrochloric acid.

The behavlor of the platinum metals towards both catlon
and anlon exchange resins has been investigated'by'MacNevin et al.
(70). If the chlorides of platinum, palladilum, rhodlum, and
iridium are treated wilth ammonia and passed through the catiocn
resin, Amberlite IR-100, all the metals, except pailadium wlll
be quantitatively eluted. Palladium can be eluted by 1 N HC1.
If a mixture of the complex chlorides of the same four elements
are run into the anion resin, Dowex-2, all the elements are ad-
sorbed. By eluting wlth an ammonium hydroxlde-smmonlum chloride'
301ution,”ballad1um wlll be eluted first, and wlll be free from
the other three metals. '

Berman and McBryde (71) investigated the separation of
rhodlum; ruthenium, palladium, platinum and'iridium by the anilon
résin, Amberlite IRA-400. A solution of all these elements was
-evaporated to dryness,'the resldues were dissolved 1n water,
the solution treated with hydroxylamine to reduce iridium(IV)
to the trivalent state, and the solution was fed to the resin.
Rh, Ru and Ir were eluted with 2 M HC1l, and palladium by 9 M
HCl. Palladlum was contamlnated wilith platinum, which was due
to bivalent platinum obtalned when the solution was treated with
hydroxylamine. Palladlum free from platinum was obtained by
oxldlzing the bilvalent platinum to the quadrivalent state by niltric
acld, evaporating to dryness with hydrochloric acid, dissolving
the residue in a few milliliters of 2 M hydrochloric acld, feed-
ing the solutlon to the resln, and eluting palladium with 12 M

hydrochloric acld. The removal of the palladlum from the resin
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takes a long time and needs a large amount of eiuting'sbiﬁtion.
‘Kraus et al. (72,73) found-that the adsorbabiiity'of the chloro
complex of pallédium; even in concentrated hydrochloric acld,
was 8tl1ll sufficlently large to preclude 1ts easy removal from
a resin of Dowex-1, and they recommend a displacement of the -~
strongl& adsorbed Pd(II) complex by other strongly adsorbed
chlorocomplexes, e.g., those of Zn(II) or CA(II) in 6 M HC1.
A'systematic 1nVestigétion of the behavior of the chloro- - -
complexes of rhodium, ruthenium, palladium, iridium and platinum
toward the strong anion exchange resiln, Permutit ES, in' the
hydroxyl chloride and acetate form has been performed by Blasius
et al. (74). Rhodium and ruthenlum were precilpitated out as
hydroxides on the resin in the hydrole form;'whilé palladium
could be eluted by 1'N NaOH, free from platinum and” iridium.
Other investigations of the behavior'of”é number of elements,
inecluding palladium, toward'differéﬁf ion-exchange resins, tan
be found in the literature. Kraus et al. (73) glve adsorption
‘data for almost all the élements in the periodic table, using
hydrochloric acid with different molarities and the anion resin,’
Dowex-1. Buchanan et al. (75)-give elution characteristics of
Pu, Zr, Nb, Mo, Ru, Rh, Pd, Ce, U, Am and Fe in nitric acild
medium, using Dowex-l, Faris (76) glves a review of the behavior
of some 50 elements in a'hydrofluoric acld medlum, using the anion
resin, Dowex-1, and Hicks et al. (77) have investigated the
qualitative anlonic behavior of a number of metals toward the
anion resin, Dowex-2. They fed a mixture of the elements in
12 M HC1 onto the resin, and then eluted selectively by alter-
1ng the specles and concentration of the eluent. After having_'
decreased the molarity of the hydrochloric acid in s3teps from
12 N to below 0.01 N, and treated the resin with 3 M HClOu,

palladium was found to be eluted by 1 M NH40H,'together wilth

23



Ag, Sb(III) and Sb(IV).

Attention should also; be pald to Kallmann et al. (78) who
deSCribe a ‘method .which .allows -the determinatlion of Cu, Al, Fe,
Ni, Co, -Ce, Ag, Au and P4 by using both catlon and anlon ex-
change resing; and to. Pshenitsyn et al. (79) who separated the
platinum metals, Pt; Pd, Rh and Ir, from the. base metals, Cu,.
Ni, Fe and Pb by using. a cation.exchange,resin.; Freshly pre-
pared chlorides of the four platinum metals were not adsorbed
on:thénresin from 0.01-0.1 N hydrochloric acld solutlons con-
talning about 1 per:. cent sodlum chlorlde, while the other metals
were retained on the resin.:  These metals could be. eluted by 1 N
HC1.

. F.  Separation by Paper Chromatography

- Lederer (80). has separated Ag, Cu, Pd, Pt and Au by using
n-butanol saturated with 1 N HCl and upward diffusionﬁ He has
also separated carrier-free Pdlo3 from rhodium folls, bombarded
wlth deuterons [Rh193(d,2n)Pdlo3], by the same technique (81).

In an attempt to purify a source of Pd105, containlng macro amounts
of ‘stable palladium (~ 2.g), he found, by using the same technilque
as described above,; that the palladium activity was contaminated
wlth tracers of radioactive platinum. He was not able to

séparate this impurlty from the palladium, and concluded -that
although such separations=are quantltative for analytlcal pur-
poses, the overlapplng actlvitles are too. large to produce a
radiochemically pure source evén after repeated chromatography.

A description of the qualitative separatiqn of the platinum
elements by paper chromatography 1s given by Burstall et al. (82).
They have investigated several systems containing a different -
combination of the ions PtF, Pa2¥, mn3*, 1t m3F, rd*, m,
os™*t >,

, ‘and Au More or less good separatlons were achleved

depending on the solvent used, the lona present, and the valency
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state of the metals in'solution. By using ethyl methyl ketone

or méthyl h-propy1 Ketone containﬂig 30%<(v/V) of ‘concentrated
hydrdchloric'acid (g8 = l.lB),”and downward diffusion, they..
separated Au3+,'Pt4+, Pd2+, Rh3+ and In3+-into four bands, one

of whilch contalned both rhodium and iridium.  Rh and Ir -could.be -
separated by oxldizlng Ir3+ito.1r4+ by chlofine :water. and using . -
acetone contailning 5% (v/v) of concentrated hydrochloric acild

as solvent.’

Kember et al. (83) have developed methods for the quantita-
tlve separation and determination of Pt, Pd, Rh.and Ir on the:
microgram scale. They make use of downward diffusion of three
solvents, the choice of which depends on the type of mlxture to -
be analyzed. By using a .solvent mixture of 1sobutyl methyl .ketone
(hexone), pentanol, and concentrated hydrochloric acld, in.-the
proportion 60:10:30 by volume, palladium could be separated from -
rhodium, l1ridium, platinum,-gold;.and a number of other base
metals. They found-that the metal solution must be tfeated
with sodium chlorate 1n order to prevent the palladium band.
from belng contaminated with divalent platirum. The same authors
also achleved a partlal separation of gold, platinum, palladlum
and rhodium as thelr-chlorocomplexes, by using sheets_of paper
prepared from cotton fabrics which had been treated with 2-émino—
ethyl sulfuric acld. A solution of 2 N hydrochloric .acid was
used as developing solvent. They report that the bands. were
diffuse and slightly overlapping (84). -

Separation of Au, Pt, Pd and Rh have élso been: carried out
by Shibata (85) by using upward diffusion of different solvent
mixtures. Best separation was obtaiﬁed by a miiture of ether, =
butylalcohol and concentrated hydrochlorilc acld in the ratlos
1:2:1.5. Good separations were also achleved by using a mixture

of ether, amylalcohol and concentrated HCl in the ratlos 1l:2:1.5,
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and a mixture_of methylethylketone and concentrated HC1l 1n the
ratios 7:3.

G. Separation by. Electrodeposition

. Little work has been done with this technigque. As so far
1s known, the only. paper describing thls method is presented by
Bubernak (86). He investigated the separation of all the plati-.
num metals, except osmium and ruthenium, by electrodeposition.
From a solution of the chlorldes of palladium, rhodiun and Aridium,
which was 0.5 M in hydrochloric acld, 3.0 M in sodium chloride,
and whichlcontained 8.0 grams hydrazine dihydrochlorlde added per
175 ml solution (as an anodic.depolarizer),_Buberusk_was able to
separate these three metals. At 60°_C.pslladium was dsposited
at a cathodc potential of +0.050 volts va. the saturated calomel
electrode, and rhodium at -0.250 to -0.275 volts. Iridium was
precipitated_from the_solution,as the,hydrated dloxlde and ignited
to metal 1n an atmosphcre of hydrogcn. The potentlal range for
the reduction process for platinum overlaps those oflthe other _
processcs,_thereby excluding_the possibility for_separating plati-
num from the other metals, This_was_also true when other support-
ing electrolytes. were tried (sulfate, perchloratc, phosphate,_

oxalate, .and others).

V. DISSOLUTION OF SAMPLES CONTAINING PALLADIUM

A very good review.of the_differeut methods of dilssolution
of inorganic and organic samples 1s given by Willard et al. (87)
and Dunlop (88) respectively. A fairly complete review 1s also
complled by Calkins (89). For .choosing the method that 1s best
adapted to the materlal to be analyzed, attcntion should also be
gilven to Hillebrand et al. (90), who glve a compilatlion of the

different reagents and fusion methods which can be used to dis-
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solve mlnerals and alloys contalnlng the platinum metals and gold.

Many minerals and alloys contalnlng palladium can be dis-
Bolved 1n either.aqué regla, nitric.acid, or sulfurlc acild. . For
example, Duke et al. (41) dissolved Pd-Zr alloys 1n aqua regila,
Fraser et al. (30) dissolved lead buttons containing gold, silver,
and platinum metals. in 1:2 niltric acld, and Young (47) dissolved
lead buttons contalnlng the same metals 1n 1:1 sulfurlc acid.

With glven mineral acids, aqueous bases, and oxldizing or
reduclng agents, there 1s 1ittle doubt that most samples can be
attacked. Wichers et al. (91) found,; for example, that refractory
platiniferous materlal could . be brought completely into solution
by heatlng 1n contact wilth hydrochlorlc acld contalning a sult-
able oxidizing agent (012).1n"a sealed glass tube at an elevated
temperature. But the extent of such attack 1s often lnadequate -
1f a short dissolution time 1ls required.

A much more rapld dlssolutlon of the sample can be achieved .
by fuslon with acldlc or alkallne fluxes. Examples of fluxes
whlch dlssolve complex slilicates and alloys contalning palladium
or any of the other platinum metals are: sodlum peroxilde, barium
peroxlde, sodium hydroxide mixed with 25% sodilum peroxide,;or
sodium hydroxide mlxed with 25% sodiuﬁ'nitrate. - Sodium peroxlde
18 the most effective flux, and rapld dissolutlon can be accom-
plished. Schindewolf et al. (92) have, for example, brought -
crushed rocks and organic materilals Into solutlon using a very
rapld fusion {less than 2 min.) in sodium peroxide. -Occasionally
they found samples which combusted wlth exploslve violence, and
adequate safety precautions (such as the use of heavy plastic
shielding) must therefore be taken.. |

The fuslon wlth sodlum peroxide 1s most often carrled out
1n a nlckel cruclble. Because the reagent 1s both a strong base

and a powerful oxldlzing agent, macro amounts of the crucible are
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dissol&ea; Récéhtiyhé}ﬁéibiééaOE:E;t;ilic'iircoﬁiﬁﬁ'ﬁaVé been.“
recommended as specilally resistant to the actlon of fused sodium
péroxide (93), and they can be used in cases where the macro
amounts of -dissoived nickel will Interfere with the subsequent
geparations. _ _

For further Informatlon about the fuslon technliques wlth
sodium peroxide, see reference (94). .

When rapid dissolutlon procedures are concerned, conslder-
able attention-shbuld_also be paid to the :"exploslve" method of
attack with sodlum peroxide (95). In this method 0.5-1.0 gram
of the granular .sample 1s mixed with 15 gram of sodium peroxilde
and 0.7 gram of sugar carbon (prepared by ignifing.granulated
sugar 1n a covered porcelaln crucible) in é_nickel crucible. The
covered crucible 1s placed 1n a cold water bath, and the mixture
1s 1gnited by Insertling a burnlng cotton.stping through a hole
in the. cover. After cooling,_the=solid melt 1s easlly removed
from the eruc¢lble by only tapping 1t sharply ggainst_the-desk.
Only minor amounts of nickel are reported to be.dlssolved by this
method. Though this method has many advantages,_obviously dis-
advantages are present. For the first, qndissolved resldues are
often left after the reactiqns_have ceased, and for the second,
the amount of sodlum peroxide needed 1s greater than the amount
needed when the sample 1s fused wilth sodium peroxide over open
flame.

Organlc materials can be rapldly dissolved by fusion with
Sodlum peroxide (92). If the reactilon 1s too violent, the
ordinary method of wet ashing, 1l.e., digestion with HQSOH—HClOA-

HNO.

3 mixtures while belng heated (88) can be tried.
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VI. COUNTING TECHNIQUES FOR RADIOACTIVE PALLADIUM ISOTOPES

“Table I of thls mornograph shows some’ of the.nuclear char- "
acteristics of each of the knowh radioactive 1sotopés of palla;-
dium. The radloactive ‘1sbtopes usually encountered by the radio-
chemist are PatO9, pal®9 ang Pat®%. PalO9™ nas a half 1ife of -
4.75 min and the radiatlon emitted 18 best detected by a'scin-
tillation counter. PAl%? nas a haif=1ife of 13.5 hours; and
decay by both B~ and vy emlasion, with the y-ray relatively highly

converted (e/y >11). The radioactivity from pa109

can therefore
- be detectéd by Gelger-Mueller counters, proportional counters,
and scintillation counters. Pdlo3-Which has a half-1ife of 17
days, decays by electron capture and v emlsslon, and 18 therefore
counted by using either an x-ray proportlonal counter or a scin-
tillation counter.

The pgtCom-109 gamma spectrum 1s presented in Fig. 1. 'The
pat® gamma spectrum has a weak gamma pesk at 40 kev (from 57
min. RthB) and a Rh-x-rvay peak .at 20 kev, both peaks super- -
imposed on the spectrum of thé'infernal Bremsstrahlung.

It 1s frequently possible to-detect'and'meaSUre the radio--
aCt;vity emitted'bi a glven pélladium-ﬁuclide in a mlxture of
several'otﬁer radloactlve huclldes by means of gamma-ray- spec-
trometry. References (96-102)'51Ve'the information and -describe

the technlques needed.

VII. COLLECTED RADIOCHEMICAL PROCEDURES FOR PALLADIUM

All'the procedurea lilsted in this chaptér,lekcept procedure
18, use dimethylglyoxime as é gelective feégent for palladium.
Procedures 1-8 and 10-17 precipitate palladlum as a dimethyl-

glyoxlimate, while 9 and 17 extracts the complex into chloroform.
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Fig 1—Ga.mma.—ray spectrum of Palladium-109.

The reduction of palladium to the metallic state 1s used as a
separatlon step 1n procedures 8, 9 and 16, and in procedures 15
and 16, palladium is preclpitated wlth salicylaldoxime and a-
furlldioxime respectively. As decontamination steps, the pro-
cedures (except 18) use elther one or a comblnation of Fe(OH)B;
La(OH)B, Zr(OH)u, AgClL, and Agl scavengings. Procedure 18 is
used for a carrier—free separation of the nuclide Pdloj, and 1s
based on a coprecipitatlon on Se metal followed by a distillation
of the selenilum.

Many of the procedures llsted represent a more or less

modificatlion of the procedures developed by Seller (103) and
@lendenin (104).
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- PROCEDURE -1 -

This proqedurelis developed by Seiler (103)_for separating
palladlum activity from the othe; fissién prodﬁcté prodﬁced'by
.pile neutron irradiation of uranilum (metél and uranyl nifrgte)._

In a separation of palladium from 1rradiéted uranium metai?
very effegtive decontamination frbm the other.f;ssioﬁ.producfs |
waé obtained b# this prodedure{_ _ _ .

1) Add palladlum carriler to a ufanyl nitrate soiufion,
stlr, and make basic with conc. NHAOH untll the heavy precipi-
tate does not redlssolve 1in the HNO3 present. Then acldify
with 6 N CHBCOOH or 6 N HC1. Heat until the precipltate dis-
solves, add 1 per cent dlmethylglyoxlme solutlion 1n ethanol
(3 to 5 ml), heat for a few minutes, and then centrifuge. Wash
two or three times wilth 2 per cent-CHBCOOH'or HC1. .

2) Dissolve in 1 ml of aqua regla and destroy the dimethyl-
glyoxlime by bolling for a few minutes. Add 1 ml of conc. HC1,
lO'mg of zlrconlum carrier, and 5 mg of lanthanum carrier.. Make
distinctly basic with NH,OH and centrifuge off the Zr(OH)u-and
the La(OH)B.-'Repeat the scavengling with zirconium and lanthanum
hydroxlides a second time by adding more zirconium and lanthanum
carriers to the basilc solutlon.

3) Add 10 mg of sillver carrler to the above solution,
acidify with HNOB, boil for a few minutes, and fllter off the
AgCl.

L) Precipitate the palladium By adding 3 to 5 ml of 1 per
cent dimethylglyoxime. Wash.

5) Repeat steps 2 to 4 twice and filter the final palla-
dium dimethylglyoxime ontq a welghed filter-paper disc in a-

. Hirsch funnel. Dry with alcohol, heat 1n an oven for 10 mlin. at

110° ¢, and weigh as the dimethylglyoxime.
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PROGEDURE -1 (Continued) .

Notes: Dimethylglyoxime is highly specific for palladium
in acid solutlon. Selenlium 13 the only fission product that pre-
cipitates with palladium In freshly irradiated uranyl nitrate,
short lived selenium activity is a contaminant - Other contaminants-
are zirconium and silver, but these are effectively removed by

the La(OH)B,_Zr(OH)u, and Agc1 scavengings

 PROCEDURE 2

This proceduretis-developed by Glendenin (104) mainly for
separating palladium from uranium lrradiated by pile neutrons.
The procedure is8 not much different from the procedure developed
independently by Seller (103).

In a separation of palladium from a very actlve concentrate
of plutonium flsslion products; a decontamination factor of lO6
was obtailned. _

1) Add 20 mg of palladium carrier to the uranyl nitrate
sample Make the solution O 4 M in HNO3 or HCl, add 3 to 5 ml
of l per cent dimethylglyoxime, and centrifuge Discard the
supernatant solution and wash the palladium precipitate

2) Dissolve the precipiltate in 1 ml of hot cone. HN03.
Cool,.dilute.with_lo_ml_of,HéO, add 5 mg of iron carrier, and
make.basic.with_excess_NHuoHL Add 10 mg of sillver carrler and
Just enough I~ carrier to precipitate all the silver (Note 1).

3) Centrifuge, and discard the precipitate. ' Repeat the
precipitation by adding 5'mg more of 1lron carrler and 10 mg of
sllver carrler, heatlng, and centrifuging.

4) Acldify the supernatant solution to 0.4 M with HC1 and

centrifuge off any AgCl preclpltate.
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PROCEDURE 2 (Contiméd)

n55; Add 3 to 5 ml of lO per cent dimethylglyoxime t6 the
solution and f1lter. ' B ' ' ' -

6) Wash the palladium precipitate with water arid ethanol
and dry at 110 C for 1O min. Weigh and mount the final sample o

Note 1: If needed, another purification cycle of Fe(OH)3
and AgI scavengings and dimethylglyoxime precipitation may e
carried out, since the fission yleld of palladium 18 low.

Note 2: Selenlum, which 18 reduced to the element under
the conditions used, will copreclpltate with palladium dimethyl-
glyoxime. Purification is effected by the Fe(OH); and‘AgI_-
scavengings. The principal contamlnants in the_final.eample are

zirconlum-and silver.

PROCEDURE 3
This procedure which has been used by Goeckermann in bom-
bardment work at the University of California Radiation Labora—.
tory, Berkeley, California, 1s reproduced from a compilation
written by Meinke (105). | o o

Target material: ~1 g Bl metal Time for sepn: ~ 2 hrs.

Type of bbdt: 388 Mev a particles Equipment required: centrifuge,

348 Mev protons - . tubes, 110° oven
194 Mev deuterons
Yield: ~ 60%

Degree of purification: Decontamination factor >104 from'fission

and spallation ‘products

Advantages: Fair yield of pure P4
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PROCEDURE 3 (Continued)

Procedure:

1) To aliquot of HNO, soln. of target add 10 mg Pd2+,

3
make up to 20 ml 0.5 N HC;, add. 5 ml dimethylglyoxime solution
(1% in alcohol). Wash with dilute HCL. _ _ _

2) Dissolve precipitate in 1 ml conc. HNOB, dillute with
10 ml HEO{ add 5 mg Fe}+ and make basic with NH3. . _ .

3) Add 10 mg Ag to supernatant and enough I to precibi— '
tate all the Ag. _Repeat Agluscavenging,__

4) Make supernatant 0.5 N in HC1 and éentrifuge out any
AgCl. Add 5 ml dimethylglyoxime solutlon. Wash.

_5)_-Repeat purlfilcatlion gycle_if needed for higher purlty.

6) Filter last Pd-dimethylglyoximate, wash with H,0 and

2
CQHSOH, dry 10 min at 110° c. Welgh as Pd-dimethylglyoxlmate
(20.70 mg per 10 mg Pd). '

Remarks:

7r and Ag are the principal contamlnants of the dimethyl-

glyoxime ppt.

PROCEDURE 4

This procedure, which has been used by Folger and Hicks in

bombardment work at the Universlty of Californila Radlaticon Lab- -

oratory, Berkeley, Callfornia, 1s reproduced from a compilation

written by Meinke (105).

Target material: ~ 4 g U metal Time for sepn: ~ 2 hrs.

Type of bbdt: 388 Mev a particles Equipment required}'cehtri-'
' ' 348 Mev protons ' fuge;'bOnes, vacf filter:

194 Mev deuterons
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PROCEDURE 4 .(Continued)

Yield: ~ 60%

Degree of purlfication: ~ lC_)LL from all fission productnactivities,

Advantages: Good. yleld of pure P4
Precedure: .

2+ and 10 mg Ni; make 0.4 N in"HNO

1) Add 10 mg Pd 5 OT'HCL,
add 3-5 ml dimethylglyoxime solution (1% 1n alcohol) Wash with
dilute HC1 or NHo3 (0.2 N).

2) Dissolve precipltate 1n 1 ml conec. dilute with

3,
5 ml H O, add 2 mg Fe3+ and make basic with NH3 _Centrifuge and
repeat Fe(OH)3 scavenging. ' '
3) Add 10 mng Ag “to supernatant and enough I” to precipi-
tate all the Ag : Centrifuge and repeat AgT scavenging
4) Make supernatant 0.4 N 1n HC1 and centrifuge out any
AgCl. Add 3-5 dimethylglyoxime solution Wash.
| '5) Repeat purification cycle (steps 2;3}4) if.needed for
higher purity. ‘ ' R
: 6) ' Filter last Pd-dimethylglyoximate, wash with Héo and
CQHSOE, dry 10 min at 110o C. Welgh as Pd-dimetnylglyoximate"
(20.70 mg per 10 mg Pd) R e '
Remarks
Pd-dimethylglyoximate 18 quite bulky and may not centrifuge.
In such a case, filter with suction. The ppt. may be dissolued'by
adding:conc. HNOé and catehing the solution which runs through the

fillter.
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PROCEDURE 5
This brdcedure}vwhich-has“beéﬂ used by Lindner in bom-
bardment work at the University of California ﬂédiétioﬁ.LaboraJ'
tory, Berkeleg, Californ;a, 1s_reporduced frqm_g_compilation
wrltten by Me;nke (i05)f -

Target material: ~ 0.5 g Sb metal Time for sepn: ~ 1 hr.

Type of bbdt: 388 Mev a parfiéles  Equipment.reqﬁiréd: Lusteroid
194 Mev deuterons tubes,.centrifuge; cones

Yield: >50% | -

Degree of purification: Factor of at least 100

Procedure:

1) To dissolve the Sb metal, add 15 drops of 27 N HF to it
In a TLusterold tube in a hot water bath.  Add conc.-HNO3 drop-
wise until dissolved (~ 10 min). Dilute to ~ 20 ml.

2) To the SbFu_ solutioﬁ"add 20 mg of Te, Sn, In; Ccd4, Ag,
Pd, Ru, Mo and Y carriefs'éé soluble salts.; Add 2 drops conc.

HCl. Centrifuge the YF, and AgCl ppts.

3 .

'3) To half of the supn. add 5 ml of 1% dimethylglyoxime in
alcohpl. Centrifuge. ) ' '

4) Wash the Pd-"DMG" ppt. with water and dissolve in aqua
regla. EvapOrate“to~drYness.' Add 10 ml 2 N'HCl. Add 1 mg Sb,
Sn, In and Cd holdback carriers and 5 ml 1% "DMG" reagent in
alcohol. _ o .

5) Repeat 4) twice (do three times altogether).

6) Wash the ppt. with water and then alcohol.

7) Plate the Pd-"DMG" ppt.
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PROCEDURE 6. .
This procedure has been us¢§_by Newton_(106) and 1s re-
produced from Meinke (105).

Target material: 0.1-1.0 g Th metal Time for sepn: '~ 1 hp.

Type of bbdt: 37 Mev a particle Equipment requlred: standard
Yield: ~ 80%

Degree of purification;_los except.from Agf

Procedure: s _ o
The Th metal 1s dlssolved 1n conc. HC1l plus a'few drqps:
0.2 M solution of (NHA)ES;FG to c;ear_up black residue. The_ 
solution 1s diluted to 2 N in HC1 and an aliquot takeﬁ. . _._
1) To sample add 20 mg_Pd2+,__If sample in HC1, musttédd
HNO; to oxidize Pd. . (See Note). _ _ ;
2) Add }-5 ml of a solutilon of 1% dimethylglyqxime in
ethanol. Centrifuge_the ppt._and_wash w1th water.
3) Dissolve ppt. in'l ml conc. HNO, cool, dilute with .10
2
As+ and enough I- to rpt. Ag. Centrifuge apd :epeat_sqavenging.

ml H,0, add 5 mg Fe’', make basic with excess NH,OH. Add 10 mg

4) Make 0.4 N in HC1l and centrifuge oﬁt_any_AgCl. To.

supernatant add 3-5 ml of tne_dimethylglyoxime.sglutiqn._ Wash.
_5)_ Repeat purificatiqnzcycle in §t¢p5.§_and 4.for'£urther
purity. _ _ _ L : L

6) Wash dimethylglyoxime ppt. with HEO and EtOH. Dry 10. ..
min. at 110° C. Weigh.

Remarks: _ S o _ _

Zr and Ag+ are principal contaminants. .io mg Ed_= 31.6 mg
PACQN,O)H; -
Note:

The Pd 1s in Th as colloidal metal. It 1s not oxldized to

2+

Pd™" by HCl and does not exchange with carriler.
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PROCEDURE 7 -
Thls procedure haé been used by Wolfe and 1s reproduced from

Meinke (105).

Target material: Uranlum metal . Pime for -sepn: ~ 1 day when .
Type of bbdt: 388 Mev a-particles separated with 0Os and Ru. -
Yield: ~ 50% Equipment required: Speclal |
Degree of purification: 10° from ~  distilling flask, centri-

fission products . fuge, sep. funnel, Lus- .

'teroid tubes, standard
Procedure:

1) Cut off the central porticn of the target and boll with
conc. HC1 to dissolve 1t and to{ékpel'Ge.

2) Add 5 mg I~ and Io3f and boll the solution again to ex-
pel iodire.’ o ' ' |

3) Add 20 mg Os, Ir, Pt and Au carriers plus 20 mg Ba, Ru,
Rh and Pd carrlers. -Withdraw a 20%-aliquot for later determina-
tions of Ba,'Ru,-and.Rh. ' e

4) Place the remaining solution -in a speclal all-glass dls-
ti1lling flask having a thistle tube entry and an alr entry. Add
conc.;HN03_throggh the thistle tube, and distill 0504 into 6 N
NaOH in an ice bath. (Save for Os determination).

5) Place the resldue from the Os distillation 1n a beaker,
add 10 ml 70% HC10, and boll the solutilon to fume off HC10) to
expel Ru.

6) Dilute the solution, add 5 mg more Ru carrier, and 5 mg
more I~ and IO3— and repeat the fumlng. :

7) Add one ml dilute HC1l, dilute the solution to L4 N and-
extract twlce with egqual volume butyl acetate to decontamlnate
from Hg and from Au.

8) Dillute the solution to ~ 0.5 N in B, add 5 ml dimethyl-
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PROCEDURE 7 (Contilnued)

glyoxime solution (1% in alecohol) and filter -off the palladium.
ppt. | _ .

‘9) Dissolve ppt 1n HNOE,idilute:to O.5_N:in.H+;:and_repptf
the PA-DMG.

10) Dissolve ppt. in HNO5, add 2 mg La’t carrier and ppt the
hydroxide by adding NHHOH. Repeat the La(OH)3 scavenging.twice
more. S ' :

11) Add lO me Ag _to suspn. and enough Cl to ppt all the -
Ag. Centrifuge and repeat AgCl scavenges twice Centrifuge off
all AgCl _ _ _ - -_ -

12) Dilute supn to known volume, transfer to a plastic .
lusteroid container (to prevent adsorption of Ag daughter activity
on glass walls) and wrap 1n parafilm to prevent evaporation

13) Allow the soln. to stand for 12 16 ‘hours until the 3.2
hr AE 12 112

Thereafter at . intervals of about a day, known aliquots are "milked"

daughter of* 21 hour P4- has grown into equilibrium
of the Ag o daughter by AgCl pptns.in order_to determine decay
of patl?
Remarks: _

05, Ru and P4 can be taken from one bombardment leaving Rh,
In and Pt for a second bombardment unless several people are

cooperating on ‘the procedure.

PROCEDURE 8- -
Thils procedure represents.a modlfication by Melnick of the
method developed by Glendenin (104). It is in part reproduced

from a compilatilon wriltten by Kleinberg (107).
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PROCEDURE 8 (Continued)

P4 sep. from: Fission products f_Time for sepn ~ 5 hrs for
Yield: ~ 758 .. . S duplicate analysis_

Degree of purification Selenium Equipment r;guired Centrifuge,

1is the only fission product - tubes, standard

. contaminating the final sample_

Procedure:
1) Pipet an aliquot of the sample into a 125 ml Erlenmeyer

flask. Add 2.0 ml of Pd carriler (10 mg Pd/ml as .PACl, in HEO)

2
and make the solution about 0.4 M in HCl. Evaporate to dryness
and then dilssclve the residue in about 5 ml of conc. HCl. Reduce
Pd to the metaliic stete wlth Mg powder_and'dissoive.the-excess
Mg in conc. HC1 (Note 1).- Transfer the contents of the flask to
a 40 ml conlcal centrifuge tube.:

2) Centrifuge the Pd metai and discard the supernate. Wash
the precipitate with about 2 ml of conc. HCl and discard the
washings. Dissolve_the Pd in a2 minimum of aqua regia End make
the resulting soiution'O.H M.in HCl.:'Add}5.ml“of=dimethy1gly-
oxime reagent (1% solutilon in 95%,ethenol) and centrifuge, dis-
carding the supernate. T ' _ .

_3) Dissolve the precipitate in 1 ml of conc. HNQB.containf
ing .a. few drops of conc. HC1. Dilute_the solution-withllq_ml;of
H,0, add 1 ml of Ag.carrier (10 mg Ag/ml as AgNOB_in 320),_and
centrifuge, Transferfthe_supernate to a clean 40 ml centrifuge
tube. _ _ L _ .

4) Add 1 ml of Fe carrler (10 ml Fe/ml as FeCl;-6H,0 .in
very. dllute HC1) and make the solutilon baslc wlth corc. NH,OH
(Note.2). _Centrifuge,:transfer the supernate to a:clean,40 ml
centrifuge ‘tube, and dlscard the precipitate.

5) Make the supernate 0.4 M in HC1 and add 5 ml of dimethyl—
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PROCEDURE 8 (Continued)

glyoxime féégenﬁ. Iééﬁtfifﬁéé:and diécagd'ﬁhé'supefhdteﬁia

6) Répeat'steps-B; ¥, and 5 two additional times.

7) .Filfér the freéibiﬁaéé onto ‘a welghed No. SO'Whétman'ﬁf:ﬂ
filter circle, 7/8" diaméter, using aﬁéfOund—bff'ﬁirsch furinel”
.and chimney. Wash thHe preclpiltate with smali pd;fidns of* ﬁzo and
95% ethanol; Dry at 110° C for 5 mln, cool, welgh and'mqunﬁ__ |
(Note 3).

Notes:

1) -Conversilon of palladium to .the metal promotes. exchange,
between the carrier and actlve specles. It élso serves és a
volume regulating step. - -

| 2) In the Fe(OH)3 scavengling 8teps the precipitation of
palladium 1s prevented by the formation of the Pd(NH3)42+ complex
lon. ‘ ' .

3) Beta counting is begun about 15 hours after completion -

" of the chemistry to permif.}.E h'Agll2 to grow into equilibrium

12

with 21 hour PdT Absorbers are used in the counting to

separate the 13.5 h Pa'%? and the 21 nh Pa'1? activities. A 54.5

mg/cm2 Al absorber 1s first used and permits the counting of

109 ana Pal’? activities. The sample 1is thencounted with

112

both Pd
a 637 mg/cm® Al absorber; the count is that of the Pal12 activity
decreased by a factor resulting from the thickness of’the'ab-
sorber. (Thls factor 1s obtalned by bombarding_Pu, separating
P4, permitting the latter to decay sufficiently so tﬁat the Pdlo9
activity 1s down to about 1% of the original value,'and'counfing
through each of the two absorbers described above. This permits"

determination of Pa'1? activity in the combined Pd®? ang pall2
activities.) P’ has a 0.95 Mev beta which passés through the

light absorber but not the heavy one. The Agllz, which has grown
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PROGEDURE 8 (Continued)

into equilibrium with Ed;lz, has a 3.6 Mev beta and a 0.86 Mev
gamma; these actlvitiles are counted through both absorbers. The

11ght absorber cuts out the 0.2 Mev beta of Pal1Z.

'PROCEDURE 9

This procedure has been developed and used by Alexander,
Schindewolf and COryell (108) for a fast separation of palladium
from deuteron induced fission in uranium (15 Mev d) They report
that the time requlred for the chemioal separation Was three
minutes They give no information about the degree of purifica-
tion The activity from the final sample was analyzed by a
multichannel gamma.spectrometer
Procedure:

l) The bombarded U foil was dissolved in aqua regia con-
taining ~ 2 mg PA(II) carrier ) After diluting, AgCl was pre-
cipitated oy the addition of 10 mg Ag carrier

2) Transfer the supernatant to a separatory funnel and ex-
tract Pd into chloroform as the dimethylglyoxime complex using
l ml 14 dimethylglyoxime in methanol per 20 ml chloroform '

' 3) Wash the organic phase twice with dilute HNO3 and back
extract into concentrated ammonia '

4) Add Fe(III) carrier and centrifuge 'Discardnthe pre-
cipitate ' ' o ' o

5) Reduce Pd to the metal state with Zn powder, filter,

wash and count
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PROCEDURE 10

This procedure has been used by Brown and Goldberg (109)
in a plle neutron actlvation analysls of P4 1n lron meteorltes.
The procedure represents a slight modificatlon of the procedure
developed by Seller (103).
Procedure: _

1) Dissolve the sample of irradiated meteorite in hot conc.
HC1l 1n a 50 ml centrifuge tube covered wlth a watch glass. Add
10 mg of Pd2+ carrler. Keep tube in 1ce bath In order to in-
hlblt oxldatlon of Fe2+-(Pd wlll not precilpltate easlly 1n presence
of Fe}+). .

2) Add ammonium hydroxide untll solution 1s 0.4 M in acid.
Add 3 to 5 ml of 1% dimethylglyoiime solution. Allow solutilon
to stand for 40 minutes. Centrifuge.

3) Dissolve precipitate in 1 ml of hot conc. HNOB. Cool
and dllute with 10 ml of water. Ad4 5 mg of Fe3+ carrler. Add .
excess ammonlum hydroxlde to preclpitate iron (thils step removes
a number of extraneous activities). Add 10 mg of.Ag+ carrler and
'enough iodide to precipitate all silver. (This step removes any
sillver activity present)

1) Centrifuge and discard the precipitate

5) Repeat steps 3) and 4). _ _

- 6) Adjust acidity to 0.4 M. Centrifuge solution to remove
any AgCl precipitate formed - _ . L

7) Add 3 to 5 ml of 1% dimethylglyoxime'solution and allow
solution to stand 40 minutes. Filter. _ o

8) Wash the precipitate wilth hot then cold water and _
ethyl alcohol. Determine the weight of the sample after heating
at 110O C for 10 minutes. The sample is now ready to count

The sample 18 now ready to count
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" PROCEDURE 11

This procedure was used. by Parker.et al. (110) for.separating
Pd from:the fission product :sulfide concentratesfauailable:at Oak
Rldge Natlonal Laberatory,. Oak Rldge, . Tennessee, as_arproduetfof
the large -scale .gseparation of;Tc99. The “sulfilde concentratesuwere
obtalned as follows. . . _

From a solution of high activity uranium (243 N in HCL),
having a two year cooling period, the sulfldes were precilpitated
after Pt was added as a carrier. Palladium and technetium were
carrled well on the platinum sulfide, together'with some ruthenium,
zirconium and niobium. Technetium was distilled with sulfuric
acld from the dissolved sulfide& followed by a distillation of
the ruthenium wlth permanganate in sulfurlc acid. After a second
distillation of ruthenium with carrier, the solution was treated'
with an excess of ammonium hydroxlde and filtered. The ammonla
was boiled off, aqua regia was added to decompose NHu salts, and
excess HNO3 was evaporated Acidity was adjusted to 3 N in HCl

and-the sulfides were precipitated.

Procedure: _ N _ _ ]

1) Dissolve sulfldes 1n NHAOH and H2O _ Boil off NH3. _
Dissolve in. 0.3 N HCl. Precipitate Pd with dimethylglyoxime in.
ethyl alcohol. Fillter. , _

2) Dissolve residue in agua regla.. Boil off HNOB. Take up
lin 0.3 N HC1 and repeat dimethylglyoxime cycle until filtrate_is
inactive.' _ _ |

3) To residue add Mo, Ru, Re (for Tc), Ag, Cd, As, Sb, sﬁ,

I and Fe as carriers. Make alkaline with excess NH, OH and centri-
fuge. Discard precipitate. L ' o
4} centrifugate contains.Pd(NH3)42+. Boil off NH

3 Take

up iIn 0.3 N HCl. Add excess dimethylglyoxime. Fllter.
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PROCEDURE 11 (Continued)

5) Dissolve in aqua-regla and. filter.. -

.6) Boll off HNO Take up in 0.3 N HCl.  Repeat dimethyl-.

3;
glyoxime precipiltation. Dissolve-inuaqua'regia]:VBoil'Off'HNoj.
Take up in 0.3 N HCl.{'Electro—deposit alldquot for counting and..

welghing.

PROCEDURE 12

This procedure has been developed and used by Zvyagintsev
and Kulak (lll) in a pile neutron activation analysis of Pd in
silver samples ' '
Procedure

1) 1. 5 gm of silver in the form of thin shavings is dis-
aolved after irradiation by heating in HNO3 (1: 3) _

2) After the dissolution,'solutions of the salts of Au,
Pt, Pd, In and Cu are added as carriers in the following quanti—.
ties. Au - 20 mg, Pt - 20 mg, P4 - 15 mg, Ir - 20 mg, Cu - 20 mg

3) The solution, with a precipitate of AgCl formed . on:-heat-
ing, 18 treated with aqua regla, and evaporated to dryness. The
residue 1s dissolved in hot water, and filtered off from the
precilpltate of AgCl.

L) 5'mg Ag 18 added to the solutlon, AgCl 1s:precipitated
and filtered off.

5) Evaporate the solution to dryness twice with conc. HC1,
and dissolve in hot water. Gold and‘cobper are precipltated by
" treatment with nitrite. The precipltate is separated from the
solution by centrifugation and used for Au and Cu determinatilons.

6) To the nitrite solution add 10 mg Cu and 5 mg Au, and

precipitate Cu and Au again. Filter.
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PROCEDURE 12 (Continued)

7) From the nitrite sclutlon, preclpitate palladium by
dimethyiglyoxime. Centfifuge.

8) Dissolve the precipitate 1n aqua regla, and add 3 mg
each of salts of Pt and Ir. From the hydrochloric-écid'solution,
preclpltate Pd as dimethylglyoxlime. .

9) Repeat step 8) once more.

10) The precipitate 1s filltered off on ash-free flliter paper
and washed wlth water and dried. Activity 1s meaéured.

11) _The precipltate with the filter 1s_placed into a weighed
muffle,-and 1s. calcinated together 1n a current Qf hydrogen apd
cooled 1n a current of carbon dloxlde. The yleld of the carrier

13 determlined.

PROCEDURE 13

Thils. procedure has been developed and used by Zvygintsev
and Kulak.(lll) in a plle neutron activation analysils of Pd 1n
cathode nickel.

Procedure:

1) 1.5 gm of nickel in the form of shavings is dissolved
in dilute nitric acld. Add carrler of Au, Pt, Pd, Ir and Cu as
indicated 1n step 2) of the preceding procedure. Evaporate the
solution to dryness. Treat wlth aqua regla. Evaporate twlce
from conec. HC1. .

2) From the hydrochloric acid solution,. Au, Pt, P4, Ir anﬁ
Cu are preclpitated, upon heating by hydrogen sulflde. Fllter

off the sulflde preclpitates.

3) Wash the precipiltate and dlssolve in -aqua regla..
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PROCEDURE 13 (Continued)

Evaporate twlce from conc. HC1l and dissolve residue in aqua -
regla. -
4) Proceed with steps 5) to 11) in the preceding proce-

dure.

PROCEDURE 14

This procedure has been used by Vincent and Smales (112) in
a pile neutron activation analysis of Pd in igneous rocks The
procedure represents a modification of the procedure used by |
Goldberg and Brown (109) -

Procedure

l) 100-200 mg of very finely ground rock powder is weighed
into polyethylene tubing and sealed Irradiate for about twelve
hours Mix the irradiated rock powder with about 0.5 gm sodium
peroxide in a silicon crucible and heat at 480 500 Cc in a muffle
for ten minutes [T. A. Rafter, Analyst 75, 18 (1950)]

2) Transfer the cooled sintered cake to a small beaker,
molsten wlth water, and add 10 mg Pa foil and 30 mg Au foll. Add
aqua regia to the crucible and loosen any adhering material by
scraping with a glass rod. Digest on the hot plate for a_few
mlinutes and.transfer the acld to the.beaker containing the sin—:
tered cake and carriers Repeat the acid digestion in the cru-.
clble and transfer the contents to the beaker, finally rinsing
in with a little water. The solution should be quite clear, ex-
cept for a few flecks of sllilca. Evaporate the contents of the
covered beaker.to dryness on.the hot plate, cool, add fresh aqua

regla, and repeat the evaporatlion. Take up'the reslidue in 1 ml
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PROCEDURE 14 (Continued)

HCl and 20 ml water and transfer to a centrifuge tube _ _

) Centrifuge off the silica and transfer the supernatant
liquid to a fresh tube. Wash the silica twice with hot dilute
HC1, adding_thelwashings_to_the main solution. ReJect the silica
to active waste. h,_ t“ ~. _ ..\ h -

_ 4) To the main solution add l ml each of hold back carrier
solutions of NaN03, KCl CuCl2 (lO mg each cation), and 1 ml of
a composlte hold-back carrier for Co, Zn, and Mn (5 mg each ele—
ment. as nitrate), followed by sufficient Mg powder to precipitate
the Pd and Au metals and leave a slight excess. Warm the tube to
expel hydrogen, cool, and centrifuge Decant the supernatant
liquid to active waste, and wash the precipitated metals twice
' wlth hot water._ from this stage onwards, activity is reduced to
tracer levels. _ _ : -

5) Dissolve the precipitated metals in a few drops of aqua
. .regla and evaporate nearly to dryness Dissolve the residue by
:warming with 15 ml of 10% HCl, and transfer the solution to a -
__separating funnel Extract with 30 ml of ethyl acetate, allow
the layers to separate, and run the lower aqueous layer, contain—
ing the Pd into a centrifuge tube . _

6) Add hold back carriers for Na, K, Cu, Co, Zn, and Mn to
the slightly acld aqueous solution, heat nearly to boiling, and
precipitate the Pd by the addition of 5 ml of a 1% solution.of
dimethylglyoxime 1n methanol. Allow to stand for a few mlnutes,
centrifuge and wash the.precipitate twlice with water.

7) Warm the Pd-glyoximate with ~ 2 ml of aqua regla,
finally boiling to dissolve the precipitate and destroy organic
_matter.' Cool, add 5 ml of water, followed by 1 ml FeCl3 solu-

2

tion (10 mg Fe), 1 ml MnCl, solution (5 mg Mn), and 2 ml bromine
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Paoésbuﬁs'ii'(cénﬁiﬁﬁéa)

water Warm, add excess ammonia, boil and filter through a fast
paper into a fresh centrifuge tube. Wash the precipitate two or
three times with water. SRR ' SR - _
8) Make the filtrate just éci&'withlﬁcff'ﬁad“héla;babk- :
carrlers, heat nearly to bollling, and reprecipitate the Pd with
dimethylglyoxime Wash the precipitate twice, redissolve in agua
regia, add 5 ml’ water and l ml FeCl3 solution,'and repeat the
ferric hydroxide scavenge o ' ' B e
9) To the emmonical filtrate add 1 ml AgNO solution'(lb'

mg Ag) followed by 1 ml (slight excess) KT solution ﬁoil“to;h”
coagulate the silver iodide, and filter into a fresh tube

10) Make the filtrate Just acid with HCl, ‘add hold- back
carriers and 5 ml dimethylglyoxime solution Warm to precipi-dj
tate the Pd dimethylglyoximate c &

ll) Centrifuge, wash twice with water, dissolve in aqua '
regia, reprecipitate palladium glyoximate in the presence of hold—
back carriers ' Repeat the solution and reprecipitation once more

12) Finally, wash twice with water and ‘once with 50% alcohol
Slurry and transfer the precipitate with a pipette to a weighed
aluminum counting tray. Dry under an infra red lamp and weigh to

establish the chemical yield. (~ 5o 60%)

PROCEDURE 15 _
This method has been used by Dzantiev et al. (113) for
separating radioactive palladium produced by a (n a) reaction
on cadmium, and for a subgequent separation of .the isomers Pdlllm

and Pd
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PROCEDURE 15 (Continued)

The separation of palladium 1s performed by a simple precilpl-
tation of palladium sallcylaldoximate, followed by an extractlon
of the organic complex into benzene. The chemlcal separatlion of

111m and Pdlll

the 1somers P4 - 1s based on the Szilard-Chalmers
effect. In an isomerlc transition which has been completely or.
partly converted, the atoms 1n the ground state are multlply. .
lonized, that.is,_they change thelr valance and consequently_their
chemlcal propertles and can under certaln condltlons be separated
from the atoms of the parent-lsomer. by ordinary_chemical.methods.
In the present method the isomer 1n the higher excited state enters
aﬁ organic compound (salicylaldoxime) which 1s soluble_in an or-.
ganic solvent (benzene) and practically ilnsoluble 1ln water. The
inorganlc lons of the daughter lsomer leave the organic molecules
after the i1somerlc transition, and are simply washed out with
water and preclpltated by dimethylglyoxime 1n the presence of a
Pd carrier.

Procedure: _ _ ; i o

1) Irradiate.hoo g of cadmium nitrate for 4 hours in a 14
Mev neutron beam.of.n_,_lo7 n_cm-2 sec_l.

2) Dlssolve the salt in water, add 100 mg Pd carriers and
precipiltate out palladium salicylaldoxlme.

3) Pour off the solutlon above the precilpltate, and wash the
precipitate several times with a 1% solution of HNO3 until the
wash water shows no trace of unbound salicylaldoxime.

| 4) Dissolve the washed precipltate in 200 ml of hot ben-
~ zene, and dilute the solution.with é liters of cold benzene.
5) Traﬁsfer the.éolution to a separatory:fﬁnne; and wash

the organic phasé a few times with water and a few times with an

acid aqueous solution of'Pd(NOB_)2 (pH ~ 1).
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PROCEDURE 15 (Continued)

'-.6) Ten hours after the end of the irradiation, the benzene
solution 18 rigorously shaken wlth 150 ml of an acld aqueous
solution of Pd(NO3)2 [PH ~ 1, 50 mg PA(NO )2] o

7) Transfer the water phase to a beaker and precipitate
the palladium in 1t by adding dimethylglypx;me.: Wash the pre-
clpitate, dry 1t, and count 1ts radioactilvity by a Gelger gounter.
Remarks: _ _ __._ _

In developlng a method for separating palladlum isomeps,
several organic reagents which form water insolﬁble compounds
wlth palladium were tested, These:reagents include dimethyl-
glyoxlime, acetoxime, salicylaldoximg, and a-nitrosq—ﬁ-naphthol.
The most sultable w&g aalicylaldox;me{ whlch seleqtively pre-
clplitates palladlium from strqngly_acid-aqueous solutions iﬁ the_
form Pd(C7H602N)2.: The precipitate_gftef drying at 110° ¢ is of
constant composition: 28.17% Pd. 70 mg Pd-salicylaldoximate 1s
soluble In 100 ml benzene. The distribution coefficient for Pd-
.ﬂalicyla;doximate_between Water and pgnzene was found to be equal

to 1.5 x 10-4 by using Pd}o9 tracer.

PROCEDURE 16
This procedure was developed durlng a survey of the fisslon
yield of the longer-lived activlty produced in the thermal neu-
tron bombardment of US2” and U222 (114).
U metal and U233 as the black oxide were irradlated 1n a
reactor for 57 days and allowed to cool for several weeks before
chemlcal investlgation was started. The procedure described

gave samples of satisfactory radlochemical purlty from flssion
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'PROCEDURE 16 . (Continued)

product solutions contalriing 1044106'fimes‘the'activityiof the
separated product. The chemical yield was better than 90%.
Procedure: |

1) Dilssolve the irradiated sample in fuming nitric. acid, -
dilute wlth water, and add palladium arid carrlers for other
sulfide group elements, Sr, Ba, Ce, Cs, etec.

2) Reduce the palladium to metal by boiling in l'N.HCl
soluflon with NEHA-HCl.

" 3) Dissolve the metal in strong nitric acid, @dd hold-back
carrlers for thé other sulfide group elements and the rare earths,
and adjust the solutlon to about 2 N in HNO,.-

"4} Precipitate palladium by adding a 8light excess of di-
methylglyoxime'or a-furildioxime. Wash the preclpitate.

5) Dissolve the preclpitate in dqua regia, add holdback
carrlers and reprecipitate Pd ag the oxime. Wash.

6) Repeat step 5).

7) Dissolve the precipitate 1n aqua regla, ‘evaporate nearly
to dryness, take up the resildue in diluted hydrochloric acid and
reduce the palladlium to the metallic state by heating the solutilon

with formic acid. ‘Fillter, wash, dry, welgh and count.

PROCEDURE 17
This procedure has been used by Killick and Morris (115)
in thelr determinations of paliadium in samples 6f platinum by
neutron—activation'analysis,
The samples for analysls were 1ln the form of metal sponge

and were ground to small fragments. - Sultable quantities (~ 0.1
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PROCEDURE 17 - (Continued)

g) were welghed and sealed 1in silica ampoules -made from sllica
tubing of intermal diameter 4 mm. Standards were prepared by
adding wéighed portions (~ 0.05 g) of a standard solution of
palladium (27.6 mg of Pd/liter) to 0.1 g samples. of the platinum
in silica ampoules.  The liquld 1in the tubes was allowed to soak
into the metal powder -and then was . carefully evaporated. to.dry-
ness, after whilch the. ampoules were sealed. -

Standards contalning the added palladlum and samples to:
which no palladium had been added were packed together wlth silicé
wool ‘1n standard alumlnum cans, 3 in. x 1 in., for irradiation I1n

a reactor. Irradlation was for periods of up to 3 days in a ther-

mal neufron;flux,of 1012 n cm_z_sec_l. After irradiation, the
samples and standards were analyzed radlochemlcally for_Pd109
(13.5 h).

Procedure:.

Carrilers were employed in: the 1solation of the radio-palla-
dium. An 1nitlal separétion was achleved by preclpltatlon of
palladium dimethylglyoxime from dilute acld solution and additional
purlfication was attalned by prepipitation'of hydrous palladium .
dloxlde. Further reductlon 1n fhe-contamination of the palla- - .
dium was attalned by precipltation and solvent extraction of the
.dimethylglyoxime derivative. Although gold is reported not to
be precipitated by dimethylglyoxime under the condltions employed
An the proceduref 1t was.necessary to remove the final traces of
the element by -extraction with efﬁyl acetate. By this stage Pd111
had completely decayed away aﬁd any residual silver.aqtivity was

removed by a silver chlorlde scavenge. .The purified palladium

*R. R. Barfooﬁ and F. E. Beamish, Analyt. Chim. Acta 9, 49 (1953).
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PROCEDURE 17 (Continued)

was finally precipitated and countéd as the dimethylglyokime de-
rivative. Experimental detalls are as follows:

1) Transfer the irradiated samples and standarde to 250 ml
beakers. Wash out the 1rradlation ampoules wlth warm 6 M HC1 and
add the washlngs to the beakers. To each sample add -1 ml of P4

carrier (7 mg of Pd/ml as PACl, in dil. HEl, standardized gravi-

2
metrically as palladium:diméthylglyoximate). ‘Add 5 ml ‘of aqua
regia'énd s8lowly dissolve the platinum. ‘Dilute to 200 ml with
cold water. '

2) Add 2 ml of a 1% solutlon of dimethylglyoxime in 95%
‘ethanol and stir vigorously until the precipiltated palladium’
complex has been cﬁagulated. Collect the ﬁrecipitate by flltra-
tion.on'a No. 41 Whatman paper and wash 1t with small portlons of
cold 2 M HCl and cold water.

3) Transfer the precipltate to a 250 ml beaker, and evapor:
ate with two 3 ml portions of 16 M HNOy. Dilute to 100 ml with

water, add 5 ml of 5% Hg(NO solution and boill. Add 5 ml of:

: 3)2
- 10% NaBrO3 solution and dlgest on a hot plate until the blackish
brown precipltate of hydrous PdO, has settled. Collect the pre-
cipltate on a No. 41 Whatman paper and wash it with hot water. =
4) Transfer the precipltate to a 250 ml beaker, add 3 ml of
12 M'HC1, and dilute with exactly 100 ml of cold water.. Add 2
ml of 1% dimethylglyoxime reagent and stir for 2 min. Add 30 ml
of 12 M HC1, sﬁir,'and transfer the suspension to a 250 ml separa-
ting funnel. 5Extract the palladium complex inte a 50 ml and two
10 ml portions of CHC13.
5)- Combine the organlc extracts and evaporate to dryness.
Dissolve the precipitate in 1 ml of 16 M HNO5 cﬁntaining a few

drops of 12 M HC1l. Add 2 mg of Au carrler (as AuCl_j InlM HC1)
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PROCEDURE 17 (Continued)

and 5 ml of 12 M HC1, and boll for 5 min. Dilute bhe solution to
100 ml with water and extract the gold with three 10 ml portions
of ethyl acetate. Retaln fhe équedds'phasé in two clean 50 ml
centrifuge tubes. o ' o

6) ‘Mo each'porfioh of'thé'é@ﬁeoﬁs solution édd”? mg'of Ag

carrier (as AgNO, In water) and centrifuge. Transfer the super-

3
nates to two clean 50 ml centrifuge tubes. To each addizlmihbf
dimefhylélyoximé-reagenf.' Céntrifugé'aﬁd discard théléupefnates.
Combine together the two precipitates of palladium dimethylgly—
oximate and wash with small pdrfions of wétéf and 95% ethanol .
Slurry the pfeéiﬁitate.wiEH'QS% ethanol onto a weighed aluminum
counting tray by using a trénsfer plpette. Make sure thét_thé“
distribution of the precipltate on the tray 1s unlform. Dry at
110° ¢ for 15 min., cool, and welgh to establish the chemical yleld.
Final precipitates of the palladlum dimethylglyoximate
complex, Pd(CMH7N202)2, prepared by the above procedure from
analysis samples and standards were counted under l1ldentilcal
conditions with a thin end-window Gelger-Miller counter. All
observed counting rates were corrected for colncldence, back-
ground and chemlcal yleld. No correctlon for self—absorption of
_ B-radiation in the preclipltates was necessary as they were all
kept nearly the same 1n welght. Decay characteristics of all
the preclpiltates were measured to ensure that the activities

were due to Pdlog.
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PROCEDURE 18 -

Glle et al. (116) have produced pat by a (d,2n) reaction
on rhodium, followed by a carrler-free separation of Ehe same
nuclide. The procedure used for the lsclation 1s not avallable
in the literature in a detalled form. A summary 6f the proce-
dure 1s glven by Garrison and Hamllton (117) and.is'reproduced

below.

Procedure{ _ _
: The Rh 13qused_w1th KH304 and the fused mass 18 dissolved
in water. HC1l 1s added together with mg QMOunts of"stéOA and

the splution'is saturated with S0,. The Pd-.lQ3 is-garried.quan—'

2°.
titatively on the Se metal. 3Se 1s removed by distillafion“with

HClOu-HBr. 
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