National

. Academy
<

g of

z Sciences

o e
o Wt ani 3w

National Research Council

iy NUCLEAR SCIENCE SERIES
1
o
'
The Radiochemistry
- of Vanadium
¥ . #———\
l [Eg'c\:ll
=51
=1
=3
=3
==
=5 us.
= | Atomic

.

i
1.

Energy
Commission




~ COMMITTEE ON NUCLEAR SCIENCE

L. F. CURTISS, Chairman
National Bureau of Standards

ROBLEY D. EVANS, Vtce Chawman :
Ma.saachusetta Institute of Technology

J. A, DeJUREN Secretary
Westinghouse Electric Corporation

C. J. BORKOWSKI
Oak Ridge National Laboratory

ROBERT G. COCHRAN -
Texas Agricultural and Mechamcal
College

SAMUEL EPSTEIN
California Institute of Technology

U. FANO _
National Bureau of Standards

HERBERT GOLDSTEIN o
‘Nuclear Development Corporation of
America

J. W. IRVINE, JR.
Massachusetts Institute of Technology

E. D. KLEMA
Northwestern University

W. WAYNE MEINKE
University of Michigan

J. J. NICKSON
Memorial Hospital, New York

' ROBERT L. PLATZMAN

Laboratoire de Chimie Physique

D. M. VAN PATTER
Bartol Research Foundation

LIAISON MEMBERS

PAUL C. AEBERSOLD
Atomic Energy Commission

J. HOWARD McMILLEN
National Sclence Foundation

CHARLES K. REED

" U. 8. Air Force

WILLIAM E. WRIGHT

- Office of Naval Research

' SUBCOMM!TTEE 'ON RADIOCHEMISTRY

W. WAYNE MEINKE, Chairman
University of Michigan

GREGORY R. CHOPPIN
Florida State Unlversity

GEORGE A. COWAN
Los Alamos Scientific Laboratory

ARTHUR W. FAIRHALL
University of Washington

JEROME HUDIS
Brookhaven National Laboratory

EARL HYDE
Umverslty of Californla (Berkeley)

HAROLD KIRBY
Mound Laboratory

GEORGE LEDDICOTTE

" Oak Ridge National Laboratory

JULIAN NIELSEN
Hanford Laboratories

ELLIS P. STEINBERG
Argonne National Laboratory

PETER C. STEVENSON .
University of California (Livermore)

LEO YAFFE
McGill University

CONSULTANTS

NATHAN BALLOU
- Centre d’Etude de 1’ Energle Nucleaire
Mol-Donk, Be_lgmm

JAMES DeVOE
University of Michigan

WILLIAM MARLOW.
National Bureau of Standards



5% 7 | . | ' | 'CHEM.I.STRY
Y 3 R |
BT

The Radiochemistry of Vanadium

By J. L. BROWNLEE, JR.
Department of Chemistry

University of Michigan
Ann Arbor, Michigan

December 1960

ar~

- o8 A ABORATORY

MAY 9 1961

=3 | 1IBRARIES

i ‘0 ' P OFTRTY

.

Subcommittee on Radiochemistry
National Academy of Sciences —National Research Council

Printed in USA. Price $0.75. Available from the Office of Technical
Services, Department of Commerce, Washington 25, D. C.



FOREWORD

The Subcommlttee on Radiochemlstry 1s one of a number of
subcommlttees working under the Commlttee on Nuclear Sclence
wlthin the Natlonal Academy of Sclences - Natlonal Research
Councll. Its members represent government, lndustrlal, and
unlversity laboratorles in the areas of nuclear chemistry and
analytical chemlstry

The Subcommittee has concerned 1tself with those areas of
nuclear sclence which involve the chemlst, such as the collec-
tion and distributlion of radlochemical procedures, the estab-
lishment of speclfications for radlochemically pure reagents,
avallablllty of cyclotron time for service ilrradlations, the
place of radiochemistry in the undergraduate college program,
etc.

Thls serles of monographs has grown out of the neecd for
up-to-date compllatlions of radiochemical information and pro-
cedures. The Subcommlttee has endeavored to present a serles
whilch willl be of maxlmum use to the working sclentlist and
which contalns the latest avallable informatlion. Each mono-
graph collects I1n one volume the pertinent informatlon required
for radiochemlcal work with an individual element or a group of
closely related elements.

An expert 1n the radiochemistry of the particular element
has written the monograph, followlng a standard format developed
by the Subcommittee. The Atomle Energy Commlsslon has sponsored
] the printing of the serles.

The Subcommittee ls confident these publicatlons wlll be
useful not only to the radiochemlset but also to the research
worker 1n other flelds such as physlcs, blochemlistry or medilcine
who wilshes to use radlochemical technlques to solve a specifilc
problem.

W. Wayne Melnke, Chalrman
Subcommittee on Radlochemistry
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INTRODUCTION

Thls volume which deals wilith the radlochemistry of vanadium
18 one of a seriles of monographs on radiochemistry of the elements.
There 18 1ncluded a revlew of the nuclear and chemlcal features
of particular interest to the radlochemist, a dlscussion of prob-
lems of dissolutlon of a sample and countlng technlques, and
finally, a collectlon of radlochemlcal procedures for The element
as found in the literature.

The serles of monographs wlll cover all elements for which
radiochemical procedures ere pertinent. Plans include revislon
of the monograph perilodlcally as new technlques and procedures
warrant.  The reader 1s therefore encouraged to call to the
attention of the author any published or unpublished material on
the radlochemlstry of vanadium whilch might be included in a re-
vlised verslon of the monograph.
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The Radiochemistry of Vanadium

J. L. BROWNLEE, JR.
Department of Chemistry
University of Michigan, Ann Arbor, Michigan

GENERAL REVIEWS OF THE INORGANIC AND ANALYTICAL CHEMISTRY
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Vol. VI, Pt. III, Charles Griffin and Co., Ltd.,
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Ph.D. Thesls, Columbla Unlversity, New York, 1G16.

5. Hendel, J. M., "A New Type of Reductor and 1ts
) Application to the Determilnation of Iron and Vanadium,"
Ph.D. Thesis, Columbla Unlverslty, New York, 1922.

6. Nicolardot, P., "Le Vanadlum," Encyclopedle Scientifique
des Aide—Mempire, Paris, 190&. o :

7. Menancke, H., "Dle Quantitative Untersuchungsmethoden
des Molybdins, Vanadiums, und Wolframs," Praktisches
Handbuch, M. Krayn, Berlln, 1913.

8. PFrank, A. J., "Chemistry of Vanadium; A Summary .of
Non-ProJject Llterature through November, 1952," Toplcal
Report ACCO-49, American Cyanamid Company, Raw Materials
Development Laboratory, Winchester, Massachusetts, 1952.

9., Sidgwleck, N, V., "The Chemlcel Elements and thelr
Compounds," Vol. I, Oxford Unlverslty Press, Oxford,
1950, pp. 804-835.
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Ephralm, F., "Inorganic Chemistry," Gurney and Jackson,
London, 1939.

Hillebrand, W. F., Lundell, G. E. F., Bright, A,.,
Hoffman, J. I., "Appliled Inorganic Analysis,“ (2nd Ed ),
John Wiley and’ Sons, Inc., New York, 1955, pp. 452- 463

Charlot, G., Bezler, "Quantitatlive Inorganic Analysia,"
Methuen and Company, Ltd., London, 1957, pp. 622-628,.

'MecAlpine, R. K. and Soule, B. A., "Qualitative Chemical

Analﬂsis," D. Van Nostrand Co., New York, 1933, pp.
391-

Noyes, A. A., Bray, W. C., "A System of Qualitative
Analysis for the Rere Elements,' The MacMlllan Co.,
New York, 1948

Mellor, J. W., "A Comprehensive Treatise on Inorganlec and
Theoretlcal Chemistry " Vol. IX, Longman's, Green and
Co., London, 1929, pp. T7T1l4- 836

Gmelin-Kraut, "Handbuch anorganische Chemie," Band III,
Abtellung 2, C. Winter, Heldelberg, 1908, pp. 55-216

Moore, R. B., Lind, S. €., Marden, J. W., Bonardl, J. P.,
Davis, C. W., and Conley, J. E., "Analytical Methods for

Certaln Metals," Department of the Interior, Washlngton,

D.C., 1923, pp. 239~ 280

II. GENERAL REVIEWS OF THE RADIOCHEMISTRY OF VANADIUM

1.

Note:

Rassmussen, S. W., and Rodden, C. J., 1n Rodden, C. J.

(Ed.) "Analytical Chemilstry of the Manhattan Project,"

%gGraw-Hill Book Co., Inc., New York, 1950, pp. 459-
5.

Stevenson, P. C. and Hicks, H. @., "Separation

‘Techniques Used in Radiochemistry " in Beckerley, J. C.,

"Annual Revilews of Nuclear Sclence," Vol. 3, Annual
Rexiews, Inc., Stanford, Callfornia, 1953, pp. 221-
23

Finston, H. L. and Miskel, "Radlochemical Separation
Techniques," loc. clt., Vol. 5, 1955, pp. 269-296

Horne, R. A., Coryell, C. D., and Goldring, L. S.,
"Generalized Acldlty 1n Radiochemlcal Separations,"
loc. cit., Vol. 6, 1956, pp. 163-178.

Kraus, K. A., and Nelson, F., "Radlochemical Separations
by Ion Exchange," loc. clt., Vol 7, 1957, pp. 31~ 46

References 2 through 5 contaln general Informatlon on
radlochemlcal separations, and are not speciflcally
vanadium separatlon sources.
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Half Life Type of
Isotope (# Abundance)  _Decay
EJVAG 0.4 seo. 5%6.0 Mev
w7 31 min. gt 1.9 Mev
v‘”3 16 daye |3+ 0.69 Mev
vy 0.986
1.31%
2.25
le-9 330 days E.C. 0._62
V5O ‘+:||:101)lr years E.C.,
(0.25%)
v? (99.75%) -
23v52 3.76 min. g™ 2.47
v 1.43 .
v3 2 min. g™ 2.50
v 1.00
vt 55 mec. B~ 3.3

*®

“¥l(n,v)VP2

Table of Isotopes of -Vanadlum¥*

Method of
Preparation

71*6(p,n)V*0 (2)

Decay Scheme ! 1 2

Tj.”’s(cr,en)v"‘L6
Cu(p,s)** (3) W (31m)
(a2 .
146 (a,n)v*7 5/2" o
T147
m*8(a,2n)v*8 (1) ' v*8(16a
cu(p,e)** (3) EC c
et _ 2% B 98%
132
4y 2.300

cu(p,2)** (3)
1148(a,n)v*?
Tiue(p,w)vug

Neturally occurring

. Naturaily occurring

cr22(n,p) VP2
)11'155(n,c1.)v5_2
vi(a,p)vo?

cu(p,s)™ (3)

vy 0.8350.99,2.21

References for much of the data contained in this table are found in Strominger, D.,

Hollander, J.M., Seaborg, G.T., Rev. Mod. Phys. Pt. II -904 (1958).
** The term g 18 m;ed here 1’:0 :Lndicate spallatign.‘ 2. » 585-9 (1958)



IV. REVIEW OF THOSE FEATURES OF VANADIUM CHEMISTRY OF CHIEF
INTEREST TO RADIOCHEMISTS

l. Metallic Vanadium

Pure metallic vanadium 1s extremely difficult to obtaln, as
1t combilnes readlly with carbon, nitrogen and exygen, forming
80li1d solutions with some of the products. Since vanadium 1s
often produced by reductlon of vanadium halides with dry hydrogen
gas at elevated temperatures (5), hydrogen is often present in the
metal, 1n additlon fo the above elements. Thé'amounts of these
contaminants may cause some interference or difficulty when thelir
presence 1n an 1rradlated vanadium foll 18 not known.

Pure vanadlum 1s fairly stable and 1s generally not subject
to 6x1dation by molst alr. In powdered form it burns in alr to
produce vanadlum pehtoxide; however, the reactlon does not go to
completion and some lower oxlides are also formed. Volatille
vanadium tetrachlorilde, VClu, 1s formed when vanadlum metal is
burned in an atmosphere of chlorine gas. This compound 1s also
formed on heatling vanadium wilth carbonyl chlorilde, surfuryl chloride,
thionyl chloride or sulfur chlorlde at 600°¢C.

Vanadium metal 1s not readlly attacked by aqueous solutions
of alkall chlorides, bromlne water, or cold hydrochloric acid,

whether dilute or concentrated. The metal 1s attacked élowly by
hydrofluorié aclid and by hot, concentrated sulfuric acid. At

33000, concentrated aulfuric acld reacts wlth metallic.vanadium
to p;oduce vanadlum pentoxide,-V205, wlth evolutlion of 502; at
lower temperatures, vanadium dloxide is formed, but 18 converted
to the pentoxlde on ralsing the temperature.

Metalllc vanadium 1is readlly attacked by cold dilute or
concentrated nitric acid. Aque regla also attacks the metal,

vanadic acld belng formed in elther case. Vanadle acild is also



formed by the actlon on-vanadium. of such oxidlzlng agents as chloric
aclid, perchloric acid, bromic acld, and potassiuﬁ 19date. Soluble
vanadates of sodium or potasslum are produced when powdered
vanadlum metal 1ls fused with.sodium cafbonate, potassium hydroxide

or potasslum nltrate.
2. Soluble Salts of Vanadlum

Vanadlc acld and vanadates of ammonium, lithlum and the
alkall metals are more or less soluble 1n aqueous solution. The
vanadates are simllar to fhe phosphatea 1n that both an;ons are
- capable of condensing and formlng poly-compounds. Starting wlth
a2 highly alkaline solution of a vanadate and gradually reduclng
the pH, the followlng changes occur: 1n highly alkaline solution,
the stable form is VOMB-; between pH 12 and 10, pyrovanadate,
veo,{.”', predominates. At about pH 9, v40124‘ 1s stable. These
forms are all colorless. At pH.values below 7, the solutiéns
become hilghly colored,_and vanadium pentoxlde may precipiltate.
Below pH 2, the vanadium exists as pervanadyl lon, V(OH)4+, having
a pale yellow color.

The chlorides, oxychlorldes, fluorldes, oxyfluorlides, and
bromldes of vanadlum are all falrly soluble ln aqueous solutions.
: Mahy of these dlssoclate 1n aqueous.sblution to form complex |
.ipns..

Vanadium (IV) oxide combines with sulfuric, hydrochlorid
and hydfofluoric aclds to form salts,.whidh, when dissolved 1n
water, give blue solutions. . |

Vanadium (III) is chemically similar to chromium (III) and
iron (III), and forms.aquedus soluble salts with most of the
common aclids. Soluble complexes are formed with fluoride, cyanlide
and ammonla.

Vandium (II) 1s similar to the divalent atates of chromium

5



and 1ron, and forms soluble salts_ﬁith_most acids, except those
capable of undergoing reductlion. Solutions of uncomplexed
vanadium (II) are generally violet and are easlly oxidized.
Soluble complexes are formed wlth cyanide, fluoride, sulfate

and ammonla.

Oxidatlon-Reduction Behavior

Pentavalent vanadlum is reduced 1n acld solution by sulfite
lon, or by bubbling 802 gas through an acid solution, vanadyl
ion, V02 , 18 formed, having a blue color. Other methods for
the reductlon of vahadium (V) include:. ferrous ilon in acid;
evaporation wlth hydrochlorlc acld, preferably 1n tﬁe presence
of ferric iron and sulfuric acid (6);,passage through a‘Jones
reductor, 1n which vanadium 1s reduced to the blvalent state
-(7); reductioﬁ to the.quadrivalent state by hydrogen sulfide
(8), which 18 then expelled by bolling while.Co2 18 blown through
the solution; shaklng wlth mercury 1in a.dilute'solution of hydro-
chloric or sulfuric acld (9) contalning sufficlent sodlum chloride
to preclpltate the resulting mercury (I); reduction to the quadri—
valent state by hydrogen peroxide in hot acid solution (10); and
reduction to vanadium (IV) in a silver reductor.

Vanadium can be oxidized to the pentavalent state by nitric
| acld, but the reaction has been shown (11) to be only 99 per cent
complete. Bolling perchloric acid, persulfate in the presence of
sllver ions, and hot.excess permanganate 1n acld sdlﬁtion also
oxidizes.vanadium to vanadium (V). h

In neutral solution, lodine, dlchromate, and permanganate
oxldize vanadium.(II) to vanadium.(III) 1f the additilon is
terminated at the phenosafranin change point. Iodlne iIn a saturated
solutlon of sodlum carbonate oxidizes vanadium (IV) to vanadium (V).

The text by Charlot and Bezler (12) glves several other procedures



for the oxlidation and reduction of vanadium compounds, as do many

of the sources 1n sectlion I.

3. Insoluble Salts of Vanadium - Precipitation

.and Co-precipltation Characterlstlcs

A. Insoluyble Salts

Some of the readlly obtailnable lnsoluble compounds of vanadlum
are listed in Table I. Many of the compounds listed offer possiblé
means of separating radlovanadium from solution. The references
listed 1n Parts I and II contaln 1nf6rmation on the use of

certain of the compounds in separatlon and analytlical procedures.

B. Co-preclpltation Characterlstics

Ammonium Phosphomolybdate as a Carrier for Vanadium

It has long been known that quinquevalént vanadium can be
carried along wilith ammonlum phosphomolybdate precipltates, Imparting
to thesé-precipitates an orange or brick red color. That the
precipltation can be made quantitative has been demonstrated by
Cain and Hostetter (10,13), provided that the amount of phosphorous
1 five to ten times that of the vanadium. However, none of the
vanadium 1s carried down if it 18 in the quadrivalent state and
precipitation is made at room temperature (14). Coprecipitation
of vanadium wilth phésphomblybdaté affords a good means of separating
vanadium from such elements as copper, chromlum (VI), nickel,
alumlnum, iroﬁ, and uranium.

In order to make the seParatioﬁ, prepare the solution aé for
an ammonlium phosphomolyﬁdate precipltation, add ten times as much
phosphorous as there_is'vanadium present, and then a siightly
greater than usual excess of ammonlum nitrate. Render nearly
neutral by adding ammonlum hydroxide, heat ﬁo bolling, add an

excess of sodlum molybdate solution, and shake for a few minutes.



Reagent ! [:] !

IV Rans

Cu

Fe(CN)s'u

Hsz

Table I. Insoluble Compounds of Vanadium

Precipitate

A1(V05)5

Aluminum metavanadate

: AEBVOH ‘ﬂ‘[20

Silver orthovanadate
Ag ,4\7207 -XHEO

S1lver pyrovanadate
A-EV03

Silver metavanadate
Ba(voj)zluzo .
Barium metavenadate

'Ba.2V207

Barlum pyrovanadate

. Bivoy

Blsmuth orthovanadate
052V207-ZI{20
Calecium pyrovenadate

[°°(m{3)6]u(v6°17)3

[Co(Mi5)g1(Vo5)5

Cu3 (vo i ) 2
Cupric orthovanadate

cu2v20-7 -3H,0
Cupric pyrovanadate

Cu(V03)2
Cupric metavanadate

Fe(V03)3

Ferrlc metavanadate

(v0) Fe(ON)g
Vanadylferrocyanide

Hg, (V05),
Mercurous metavanadate

Solubilllt;

Insoluble

Soluble in HN

_a.ndm-[ucﬂ

Insoluble as

precipitated

-7
Kap = 5x10

Inaoluble as
preclpltated

Insoluble ea
precipltated

Insoluble es
precipiltated

Insoluble as
precipitated

Insoluble as
precipitated

Insoluble as
preciplitated

Insoluble 1n Hp0
and alcohol; acld

soluble

Remarks gner . 2

Addition of A1MY to neutral
alkall vanadate; collodlal white
precipitate (175.

Freshly prepared Na,V0, treated
wlth carefully neutrallzed AgNO3;
orange powder (5,17).

Additlon of neutral Ag' salt to
Na, V,0,; yellow precipltate
(5% 2777185

Addition of AgNO3 to neutral’
mmvo3; gelatinous yellow pre-
cipitate (5,17,18).

Preciplitate at pH ~U4.5 by edding
BaCla to NH4VO3 solutlon 1n acid.
Stabfe up to 1289C. Losea HpO
128-371°C to form stable an-
hydrous salt (5,17,18).

Addition of BaClp to solution of
NaquOZ in OH; white pre-
cipitate (5,17).

PFormed by double decomposition
of alkall venadate and B1(NO3)3;
bright yellow (7).

Additlon of CaClp to NajyVaoO7
solution. CagVaO7-5/2H50 formed
by drying at 1000C; white pre-
clpitete (17).

Precipitate in acetlc acld at pH
5.1; gelatinous orange . precipl-
tate. Dry at 100-127°9C. Ignites
to 4C00-9Vo05 above 3820C (18).

Precipltate under neutral or
ammonlacel conditionsa. Driled
between 58° and 1439C, Ignites
to 2C00-3Vo05 between 6 and
%5gt)’c. Yellow-pink precipitate
18).

Preclpitate by mixing cutt salte
wlth smoluble orthovanadates.
Ggienish-yellow precipltate (17,
18).

Additlon of CuSO) to solution of
NHyVO3) greenish-yellow precipil-
tate {17,18).

Colloldal precﬁitate formed by
eddition of Cu to neutral
alkall vanadate. Green preclpl-

tate (17).

Olive~-

een colloldal precipitate
(17,19). C

Precipitation glmost complete;
Vv(V) glves no such preocipitate.
Greenish-yellow (15).

Addition of Hgza(NO3)o to venadate
under nearly neutral conditions;
loees welght between 60° and
670°C; Vp05 formed above 6759C.
Orange precipitate (17,18,20).



Reggentj 8 !

gt

HPOu=+NHu0H

. H25+NH4C!{

In

mt

m*t

Uo

Table I.

Precipitate

He(V03),

VONHJ;POAL

Vanadylammonlium phos-

phate
Va

Vanedium trisulfide

V285

Vanadium pentasulfide

In(V04)5-2H,0

Indium metavanadate

Hh(Voj)z-xH20

Manganous metavanadate

N1(V05) 5 *2H,0

Nickel metavanadate

vo(on)2
ij(vou)z-xnzo

Leed orthovanadate

Pb2V207 -xl-[20

Lead pyrovanadate
Pb(voj)g-ﬂizo
Lead metavanadate
Sn(vo,),

Stannic metavanadate

TthO7 . 51'!20

Thorium pyrovanadate

T1 h"2°7

Thalllum pyrovanadate

TlVD} -1H20

Thallium metavanadate

Ammonium uranyl
orthovanadate

Solubllit

Insoluble HpO;
soluble in al-
kall sulfides; °
8lightly Bsoluble
in alkall, HNOz,
HC1 and Ho30y

Insoluble HoO;
doluble in dilute
HNO3, mlkall sul-

fidés and alkalles

Insolu'bl.e ‘as
precipitated

Insoluble at high
temperature

Slightly soluble
in 03 soluble
in neral ecids

Insoluble in’ Hp0)
soluble in con-
centrated- aclds

140 -12
KEP ~ 6x10

100 -1
Kap ~ 2.6x10

1

11° R
Ksp ~ 8.2x10

100° -5
Kup ~ 4.8x10

Insoluble Compounds of Vanadium (Cont.)

Remarks (Ref.

Addition HgCly to neutral vana-
t(iats solutlon; white precilpltate
17).

(15).

Thlo-complexes probably formed in
excess alkell sulfide. V(III)
sensitive to alr oxidetion (19).

Thlo-complexes formed in excess
of sulfides (19).

Addition InCl3 to NaVO3; yellow
precipitate (27) . ’

Addltion of MnSO4 to NHIWO;; dark
rad, finely divided precipitate
(17,18).

NHY solution bolled with
Blightly acldified Ni(NO3)s in
excess; greenlsh-yellow precipi-
tate (17?.

Brown precipitate.

Lead acetate added to soluble
ori):hova.na.date,- white powder (5,
17).

Boll solution of Fb(NOz)- and
NHyVO3 in aecetic asecid (5,17).

Acetic acld solutlon of vanadate
plus lead salt (17,19,21).

Large exceas of Sn‘H' required
for precipltation; yellow pre-
eipitate (15).

(5,17,19).

Additlon of T12304 to cold

seturated solution of NazVoy;
light yellow precipltate” (5,17,
22).

Greenish-yellow precipitate (22)-.

Dry at 105°c (18).



Filter the orange or brick red precipltate and Wésh wilth a hot
solution of ammonlum sulfate acldifiled with dilute sulfuric acild.

Titanium Hydroxide as a Carrier for Vanadlum

That vanadlium can be carried by the precipiltation of titanium
hydroxide can_be shown 1n the following manner (15): a mlxture
of quadrivalent titanium.and pentavalent vanadium 1n hydrofluoric
acld 1s treated with coﬁcentrated ammonium hydroxlde, forming a
large white precipifate. To this preclipltate 1s added a solutlon
of ammonium sulfilde, (NH4)2S’ which turns the precipltate graylsh-
black. There 1s no evidence.for the reddish color of thlovanadate
‘elther in the fi1ltrate from the ammonlum hydroxide precipltation,
nor in the excess ammonlum sulfide added to the precipiltate of
TiO(OH)2 which carries the Vanadium. When a solutlon of vanadate
1s added to the excess of ammoniﬁm sulflde, the characteristic
red color of thiovanadate appears.

Vanadium may or may not be copreclpltated quantitativgly by
titanium hydroxide, depending upon.ﬁhe'ratio 6f titanium to _
vanadium; 50 mg of Qanadium 1s completely precipitated 1n 200 mg.
of titanlum in the ammonium.hydroxide preclpltation. The method
- offers at least a partlal, 1f not a éomplete, separation of
vanadlium from antimony, tin, tungsten, molybdenum, tellurium,
copper, nilckel, cadmium, and cobalt.

Other Co-précipitating Agenté

The retention of vanadium by alﬁminum, fe?ric, and chfomium
hydroxides has been investlgated (16)., It has been ﬁoted that
the retention dorresponds to the adsorptlion process. Copredipité-
tlion has been shown to take place for seml-mlcro and micro amounts
of vanadium. The relative copreclipitatlon strengths on the o

hydroxldes are Al1> Cr > Fe.
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L, Complex Ions of Vanadium

Vanadlum forms many complex ionsa wlth organlc and in-
organic ligands. Several of these are of use 1n 1oh exchange
and solvent extraction procedures. These methods, and thelr
dependence to a large extent upon complei lons of vanadium,
are discussed in later sections.:
Several conpiex lons involving vanadlum are listed in
-‘Table II, which alsb lists conditlons of complex formation
and Qtability constants, where known. YVanadlum forms several
complexes other than those listed in Table II; these are separated
.into complexes 1nvolving the majJor valence stétés of vanadlium and

are dlscuased 1n the sectibna whlch follow.

A. Complexesa of Pentavalent Vanadlum:

Sulfate, oxalate and tartrate form complex lone with
pentavalent vanadium in aqueous solution. These complexes
are all of the “gto-" type, in which the oxygen of the ligand
18 coordinated to the VO°T or VOZ specles.

| The exlstence of oxalate complexes of pentavalent vana-
dlum has beén demonstrated clearly by Rosenhelm (23). Vana—
dium solutions treated wlth alkalli or ammonilum oxalates form
clear yellow solutlions. The complex 1s suffilclently atable
that no precipitafe forms on addltlon of solutlons containing
calcium salts except In the presence of excess oxalate. ;n
addition, vanadium 1s found only as the anlonilc Bpécies.
Souchay (24) proposed that the complex be written V02(0204)Z_;
and that the complex-forming reaction be glven by

V}Og' + 60,05 + 60— W02(0204)2'+ 3H,0
Souchay has also found (24) that in tartrate medium two
cbmplexea-of vanadium are formed. In the presenée of a large

excess of tartrate in neutral solutlon, a 1:1 complex (structure I)

AR}
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ls formed. If a V:tartrate ratlio greater that 1:1 is maintéined, a
complex 18 formed involving two vanadium and one tértrate ion (struc-

‘ture II).

OVOq : OVO2 _
H—C—COONa - " H—C—COONa"
H—cl:'—'coo Na H—(|:—C00 Na

OH OVOs
Structure I Structure II

Solutlons of these complexes are garnet?colored. Additidn of
alklil causes converslorn of the complex to tartrate and vanadate,
while acidificatlion below pH 5 converts the complexes to the
acld salts of the cémplex tartrates.

A recent publication by Feigl.(25) points out the masking
effect of fluoride ions on some characteristic reactlons of
penfavalent vanadium. Reactlons occurring in the preSence_and
absence of fluorlde ions are compared in Table III. In order
to account for the anomalous behavior of pentavalent vanadium
In the presence of fluorlde lons, Felgl postulates the exlstence
of  a fluoro-complex of a type which allows for only a small
equlibrium concentration of the simple vanadlum species in solu-
tion. Felgl further postulates that fhe complex 18 of the.type
formed by replacing one of the oxygen atoms coordinated to the

vanadium by two fluoride atoms.

Little information has been reported on the occurrence of
pentavalent vanadlum - chloride complexes; howefer, 1t i1s known
that a brownish-yellow to brown complex is formed between.penta—
valent vanadium and chloride ion in strong hydrochloric acid

solutions.



Table IIX

Masking Effect of Fluoride Ion on Vanadate

Without B~ ' Reactlon _ With F~

Blue color Zn + HC1 No reaction

Yellow precipitate AgNO3 .No reactlon

Green precipitate KuFe(CN)G ' Yellow preciplitate
Yellow-red color H202 No reactlon

Green precipltate Benzidene Violet pfecipitate
Brown precilpltate 8-hydroxyquinoline Blue-green color
Red-brown preclpitate cupferron ' Red-brown preclpiltate

- B. Complexea of Tetravalent Vanadlum

Tetravélent vanadium forms a large number of complexes,
all of which involve the vanadyl group, V02+, and most of which
are "ato-" complexes. . Evidence has been found (26-28) for the.
vanadyl——thiocyanaté complexes VO(SCN)ﬁ' and VOSCN+ “tle latter
complex appears not to'be very stable. There 1s some evidence
(28) for the occurrence of higher complexes in very concentrated
thlocyanate solutlons.

Two serles of 6xa1atb complexes have been reported by
Koppel and Goldman (26). The complex most readily formed is
of the form HE(VO)E(CEOA)B.ag, which gives a pbsitive test
for oxalate 1n aqueous solution. A large excess of ammonlum
oxalate glves rise to the second serles of oxalate complexes,
represented by MéVO(CgOu)z.EHQO. Sodium and potassium oxalates,
even in high concentrations, do not form cémplexes of this type.
No test for oxalate lon 1ls obtalned in agueous soluﬁiona of the
pure monovanadyl complex.

Sulfate and sulfite complexeh have been observed (29), which
are analogous to the oxalate complexes. The Sulfité complexes are

prepared by treating vanadate solutions with sulfﬁr dioxide and
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alkall sulfites. The first sulflte complex has the composition

M2O.3VO2.ESO On addlng excess sulfite, a clear green eolution,

e
corresponding to VO(SOj)g— , 18 formed.

Rivenq (30) reports the formation of cyanide complexes from
VO(CN)64_ through VO(CN)E. Since a sixfold coordination about a

2+ yon would be required, the existence of the VO(CN)GLL.'

central VO
complex 1s questlonable. No such coordinatlion has been found
for other ligands, and 1t 1s doubtful that.it exists 1in ﬁhe case
of cyanide. | '
Ducret (31) has suggested the existence of weak fluoro
complexes at a pH of épproximately three. These appear to
have llttle value 1n radiochemical separations; A tartrate
‘and two cltrate complexes are also formed with the vanadyl
lon. The stability in alkaline medilum of the two ciltrate
complexes lles between that of the taftrate arid the oxalate
complexes, the oxalate béing the less stable of fhe two.
Malonate, sallcylate, catechol, and several other organic
ligands form compleies of the ato-type with vanadyl 1lon. Seferal

of these are insoluble in aqueous medium, and have been used for

the gravimetric estimatlon of vanadyl vanadlum.

C. Complexes of Trivalent Vanadium

Among the complexes of trivalent vanadium, which exists
only as a metallile V3+ (hexahydrated) ilon in aqueous solution,

the halogens and halogenolds are formed most readlly. Fluoride'

lons form the followlng complexes: VF63 R VF52'. H,0, VFu_. 21,0

2=
5

complex (33) has been isolated, but is unstable in aqueous solu-

(32). Chloride ion forms the VC1 . H20 complex. The cyanlde

tion. Several thiocyanate complexes have been repofted (28,33)

~ but only the VSCN®* and the V(SCN)63' appear to be stable 1in

water, the latter only at high concentrations of thlocyanate.
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5. .Chelate Complexes of Vanadium

Many B- diketSnes and other organilc materials have been
used to form chelate complexes of metallic ibns._ These chelate
compoynds haVe, in_general, found wide application in analytical
and radlochemistry. They have been used as the basis for gravi-
metric, solvent extraction, and ion exchange methods of separation.
The major consideratlon 1n thls sectlon 1s giveﬁ'over to the
precipitation reaqﬁions of vanadlum chelate compiexes} Solvent
extractlon and lon exchange applicatlons are discussed separately
in subsequent sectlons.

Cupferron: The ammonlum salt of N-nltrose-phenylhydroxyl- '
amine has been used wldely as an analytical reagent. It was
used originally (34) for the separatilion of copper and iron from
numerous other eiements (hence the name "cupferron"). It forms
insoluble chelate precipitates wlth a large number of lomns,
especlally those.that yleld trivalent and tetravﬁlent hydroxide
precipitates. '

Cupferron diséolves readlly 1in water, and ié used most
often as a six pefdent aqueous solution. Unfortunately, cup-
ferron 1s somewhaf;unstable toward heat and;light,.nitrobenzene
being the princibéi;product formed in itéfdedomposition.- The
reagent i1s besttﬁeﬁt refrigerated in a brown bottle, with a
stabllizing subsﬁéﬁce, such as phenacetin or acetophenetidine,
added to improve éfc’é‘nility. _

RodeJja (35) has shown that acld solutlions of the alkalil
metaﬁanadates reﬁct'with cupferron to produce a red preclpltate
which 1s somewhat soluble in water. Turner (36) found that
vanadlum, as the metavanadate, 18 separﬁted completely from
a solution contalning uranlum and one percent hydrochlorilc
or sulfurlc acld on adding aqueous cupferron. The ﬁrecipitate

can be ignited to produce vanadium péntoxide. The temperature
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‘at the time of preclpltation must be kept below 200, Bince
higher temperatufés-cause a tarry mass to form, maklng flltra-
tion difficult or lmposslble. Too long a delay in rgmoving

the supernatant ylelds the same tarry mass. Vanadlium cannot
\be separated frqm titanium or aluminum by this method (37).

Other lons which preclpltate wilth cupferron from acld

solution include iron (III), titanium (IV), zirébnium, uranlum
(in 4-8 percent sulfuric acid), copper, gallium and aluminum;
from weakly acidic solutions, bismuth, antimony (III), tin (IV),
molybdenum (VI), thorium and tungsten also precipltate. The
interferences of severzl of these elements can be eliminated

by the use of the varlious complexling agents avallable, for
example, ethylenediaminetetra-acétic acld. In order for.
vanadium to be precipitatéd quantitatifel& from any solution,

it must be present In the tetravalent or pehtavalent state.
- In highly dilute solution, 1ron (IiI) may be added as a collector
(38) for vanadlum if not already present in solution.

8-Hydroxyqulnoline (Oxine): This versatlile reagent was

first introduced by Hahn (39) and Berg (40). It 1s very soluble
in"alcohol and acetic acid and forms insoluble chelate complexes
wlth many metals. These complexes can often be dried at 105o to
140° ¢ and welghed as such in gravimetrlc procedures. o
Vanadium, as a vanadate, reacts wlth 8-hydroxyquinoline in
the presence of acetlc acld to fbrm a yellow precipitatg which
changes color to blue-black on heating and cooling (l41,42).
The yellow compound is the hydroxyquinolate of tetravanadlc acid:
(091{7110)2 . HyVy044
The blue-black compound 18 the anhydride of the acild
(09H6N0) - V(CH) - (09H6No)
and has the composition
(09H6N0)2 = VO - Q - VO = (09H6N0)2

17



The precipitation of vanadlum with 8—hydr6xyqu1nd1ne is
quantitative over the ﬁH range 2.7 to 6.1 (43), hence the
reagent can be used for the estimation of vanadium 1n the
presence of calciQm, cerium (IIT), chromium (ITII), gallium,
magneslum, and palladium. Materlals whlich can be expected %o
interfere with vanadlium separation by 8—hydroxyqu1nbline are
listed in Table IV (44-48).

Many of the interferences llsted in Table IV can be elimilna-
ted by the use of masklng agents. For example, by adding an ex-
cess of three percent hydrogen peroxide; most of the elements in
Table IV can be preclpltated, leaving vanadlum In solution as the
peroxy complex. Vanadium can then be preclpltated, 1f desired,
from dilute hydrochloric acld solutibn. (ef procedure 1
section VII).

5,7-D1bromo—8—hydro;yqu1noline: Thils reagent'has ﬁhe
same reactivé'group as 8-hydroxyquin011ne, and thus reacts 1in
" a simllar manmer. It reacts with copper, titanlum (IV), iron
(IT and III) and‘aluminum at pH 1.3—1.9. In 20-percent nitrilc
acld, only iron (III) and vanadium (III)} react (49), forming
green and brown précipitates, repectively. The 1nterference
of ferric lon can be eliminated prior to vanadium precipltation
by precipltating the lron wiﬁh sodlum hydroxlde. Zlrconilum,
cobalt and galllum also react with the reagent but in_general,
do not interfere wlth vanadium separation. The wvanadlum prée
clpitate can be lgnlted to the oxide}if pxaiic acld 1s added

prior to ignition.

Q:jp-Sulfophenylazq)—8—hydroxyquiﬁoline: When a

OH

\
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saturated alcohollc solutlon of this_dye 18 added to a solution
of a vanadate in 20-percent nitrlc acld, a brown precilpltate 1is
formed (56,51). Molybdenum (IV) and chromium (Vi) must be absent
as they form simllar preclpitates. Copper (II), mercury (II),

nickel, and palladium also react.

Table IV. ZElements Which Interfere in the

_,Precpitation of Vanadium with 8-Hydroxyquinoline

pH at which

Element ' precipitation Range through which
begins preclpltation 18 complete

Aluminum 2.8 ' ' 4.2 - 9.8

Antimony - > 1-5

Bismuth 3.5 4.5 - 10.5

Cadmium - '4.'0 © 5.4 - 14.6

Cobalt | : 2.8 | .2 - 11.6

Copper . 2.2 _ 5;3 - 14;6

Indium - - , Acetle acid - sodium acetate

Iron(III) 2.4 _ 2.8 - 11.2

Iead 4.8 8.4 - 12.3

Manganese(II) S 5.9 - 10

Molybdenum - 3.6 - 7.3

Nickel : | 2.8 4.3 - 14,6

Thorium 3.7 4.4 - 8.8

Titanium(IV) 3.5 4,8 - 8.6

Tungsten : - 5.0 - 5.7

Uranium 3.1 4.1 - 8.8

Zinc ) - 2.8 4.6 - 13.1

Zirconlum - Acetlc acld - sodlum acetate

a, a' - Bilpyrldyl: Whlle the reagent alone does not

react with vanadlum to form a chelate complex, vanadlum 18

preclpitated nevertheless in the presence of the ferrous
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ion (52). The reaction appéars to take place between a ferrous-
bipyridyl complex: | xB
ZN Fe't
|
Z
. 3
ahd the vanadate lon in neutral or weakly ammoniacal solution.

Tin (IV), 2zinc, cadmium, tantalum (V), and niobium (V) also react.
a-Nitrose-B-naphthol: An alcoholle solution of this

reagent, when added to an alkallne solution of ammonium metavén—
adate, produces a green coloratlion, followed by the separation
of a brown precipitate (53). When the reaction 18 carried out
in dilute acid solution, a large reddlsh preclpltate forma. A
similar reaction occurs between the reagent and a dilute solu-
tlon of ammonlum molybdate. Both precipitateé are soluble in
concentrated mineral acids.

Terrisse and Lorréol (54) have reported that the reagent.
does not precipltate vanadium quantltatlvely. Belluccl and co-
workers (55), however, claim complete precipitation.

Tanli, et al. (56) give the data llsted in Table V for
the effect of pH on the precilpltation of several metals wlth

a-nitroso-p-naphthol.

Table V. Sultable pH Ranges For The Preclpltation

of Metals With aq-Nitroso-f-naphthol

Metal | PH Range
Cobalt . < 8.74
Copper 3.96 - 13.2
Iron 0.95 - 2.00
Vanadilum 2.05 -'3.21
Palladium < 11.82

Uranium : 4,05 - 9.38



- Salleylaldoxime: This reagent has been used 1in forming

" chelate complexes of many metals. The data of Jean (57) in-
dicafes that vanadium, as VOB—’ forms a black precipltate with
sallcylaldoxime in acld solution. Jean 1lists the optimum range
of acld concentration for precipltation as 0.05 - 1.0 N, but notes
that at best only 60-T0 percent of the vanadlium 1s precipitated.
Copper (II) and palladium (II) also react in acid solution, form-
ing yellow to yellow-green precipltates. Iron (III) interferes
also, but molybdenum.and chromium do not (58).

Acetylacetone (2,4 - Pentanedione): Vanadium (III, v,

and V) form chelate complexes with thils material. Little in-
formatlion haé appeared in the literature concerning precipitation
. reactlons 1ﬂvolv1ng acetylacétone, possibly as a result of the
water solubllity of many of the chelate complexes, and of the
reagent ltself. In_addition, many of the complexes are soluble
in an excess of the reagent. HoweVer; in a study by Jones (59),
the vanadyl chelate was prepared by.dissolving the ligand in
ethanol, addlng the aléoholic solutlon to solutlion of vanadyl
ions in dilute sulfuric acld, and neutraliziﬁg wlth 10-percent
sodiﬁm carbonate solutlon. The fesulting vanadyl-bis—acetyiace—
tonate settles to the bottom as an oll which slowly solidifieé.
The monohydrate of thils chelate 1s water insoluble. When its
solution 1n ether 18 bolled wlth ammonlia or an amine, the '

water of hydration 1s replaéed to give VOA, . B, where A 1s

2
the ligand and B the base.
The acetylacetone chelates of vanadiﬁm appear to form
most reédily in acid solutlion; a pH of.2.3 or greater for
vanadium (III.and'IV), and a pH between 1.8 and 2.4 for va-
nadium (V) appear to be optimum. Interferences under these

conditions include iron (III), titanium (IV), molybdenum (VI),

chromium (III), aluminum, copper, cobalt, and small amounts
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of manganese (II) and zirconium (IV).

N-Benzoylphenylhydroxylamine: Thils reagent, having

a structure closely resembling that of cupferron, also re-
sembles cupferron closely in 1ts énalytical reactions. TUn-
like cupferron, however, 1t 1ls qulte stable toward heat,
light, and alr, It forms water I1nsoluble chelate complexes
with tin, titanium, zlrconium, vanadium (V), molybdenum (VI),
and tungsten (VI) in acld solutilon. Copper,'iron, and aluminum
precipltate at a pH of approximately 4.0, while cobalt, cad-
mlum, lead, mercury, manganese, uranlum, and zinc react at pH
values greater tﬁan 4.0 (60-61). The vanadate chelate com-
plex preclpltates as an 9range—red mass, lnsoluble in'water,
but soluble 1n benzene, ethanol or acetic acid (62).
3-Hydroxyl- 1,3-dlphenyltriazine: This reagent (63)

has the following useful propertles: 1t 1s stable %o heat,
light, and alr, and is capable of belng stored indefinitely.
Its chelate complexes with many metals are granular, water
insoluble, stable thermally, and may be sultable for direct
welighling. Below pH 3 it forms chelate precipltates only
.with copper, palladium (II), iron (II, III), vanadium (III,V),
titanium (IV), and molybdenum (VI). ZExcept for the copper
and palladium chelates, the preclpltates aré decompoaed on
heating 1n acld solutilon.
| Vanadlium forms chelate compiexes with several other

organlec ligands; ethylenediaminetetra-gcétic acid and
1,2-dlaminocyclohexane-N, N, N , N -tetra-acetic acid chelate
complexes with vanadium (11, II1I, and.IV) have been reported.
(64, 65). In addltion, glycolllc acld (66) potasaium xan-
thate (67), and sodium dlethyldithiocarbamate (68) all

glve pfecipitates wlth vanadlum salt solutions, and hafe been

used to some extent 1ln analytical schemes. .
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6. Extraction of Thenoyltrifluorocacetone Complexes
of Vanadlum 1lnto Organlec Solvents

A survey of the literature 1ndicates that 11ttle or no
interest has been shown 1n the chélation and extractlon of
vanadium by means of thenoyltrifluoroacetone. It appears
that the only Informatlon avallable on this extraction is
that obtalned 1n the laboratorles of the Nuclear Chemlstry
Group at thé University of Michigan (69).

Extractlon of vanadlum by means of 1ts TTA complex was
undertaken using 0.25 M éolution of TTA 1n benzene. Equal
volumes of.the benzene solutlon of the ligand and carrler
solﬁtion-(lo mg vanadlum per ml.) were shaken.together for
one mlnute. The extraétion of the vanadyl-TTA complex as

a function of pH 18 shown in Figure 1, from the data of
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Figure 1 Extraction of Vanadium (IV) into TTA.
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Fukal (69). A comparison of vanadyl-TTA extraction with
other chelates has been abstracted by Shepard and Meinke
(70). The vanadlum can be back-extracted by shaking the
benzene solution wlth an equal volume 6f 1-N hydrochloric
acld with 99-percent recovery.

The extractlion of pentavalent vanadMum proceeds much
more slowly than in the case of the quadrivalent state.
Only very small-amounts_of vanadlum were extracted.after
continuous shaking for several hours, and further experi-

ments were cancelled.

T. Extraction of Vanadlium into Organic Solvents

The followlng discussion 18 divlided into two major cata-
gorles: A, The extraction of ion-assoclation (1.e. inorganic

complex) Bystems, and B, The extraction of chelate-complexes.

A, TJTon Association Systems

1, Chlorides: Vanadilum (V) is bnly partlally extracted
into isopropyl ether from hydrochlorlic acld solutions.
Dodson, et al (71) have reported that only 22-percent
of the vanadlum present in 7.75-M HCl solution 1s ex-
tracted into 1soproby1 ether when 250 mg. of vanadium
(V) are present 1n solutlon. They have found a 43- |
percent extraction along with ferrlc lon when the
solution contains 48.5 mg. of vanadium (V) and 500 mg.
of iron (III). '

Under cohditions essentiallylthe same as those
" above, vanadilum (IV) extracts 1lnto 1sopropyl ether
| to. the extent of less than 0.08-percent from a solu-
tlon contailning 258 mg. of vanadium (IV), and approx-
imately O.4—perceht from a solutlon contalning 51.5
mg. of vanadium (IV) and 500 mg. of 1ron (III).
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Other elements which extract as well as the:
chloride complexes into organlc solvents 1lnclude

Sb(v), As(III), Ga(III), Ge(IV), Au(III), Fe(III),

" Hg(II), Mo(VI), Nb(V), Pt(II), Po(II), Pa(V), Ti(III)
"and Sc(III). Elements only partially extracted in-

clude Sb(III), As(V), Co(II), In(III), Te(IV), Sn(II)
and'Sn(IV).

Fluorides: Relatively few studles have been made

on the extraction of the fluorlde complexes of metals.
In part, thils has been a result of the difficulty in
the handling of solutlons of hydrofluorlc acld, re-
qulring the use of 'plastlc laboratory ware. However,
Bock and Herrmann (72) have reported extenslvely on
the extraction of many metals as fluoride complexes
into such solvents as n-pentanol, methyllsobutyl
kétone, ethyl ether, di-n-butyl ether, amyl acetate,
nitrobenzene, and anlsole.

Bock and Herrmann report.the extraction of 12-
percent of the vanadium (ITI) and 8.5-percent 6f _
the vanadium (V) into ethyl ether ffom 20-M hydro-
fluoric acld solutlon. Certaln of thelr data are

presented in Filgure 2.

Bromidea; An extenslve study of the distribﬁtion

of metal bromldes between certaln of the organlc
solvents mentlioned above and solutions of hydro-
bromlc acld at varylng concentrations has been
conducted by Bock, Kusche, and Bock (73). They
found that Au(III), Ga(III), In(III), T1(III),
Sb(V), Sn(II), Sn(IV), and Fe(III) extract well
into ethyl ether. As(IIL), Sb(III), Se(IV), and

Mo(VI) extract to a lesser extent, while only
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80

slightly éxtracted are Cu(II) and Zn. Approximately
l.x 1072 percent of vanadium (IV) is extracted into
ether-at hydrobromic acia concentrations of one-and-
slx-molar. No informatlon 1s avallable for other

HBr solutlons.

70

60

P{¥)
As (D)
As ()
v ()
v (D
Se (I¥)

© Te(I

- Re (YID
Nb (V)
Ta

POWMX+OMXO060

10 15 20
MOLES HF/LITER

Filgure 2. Distributlon of fluorides between HF solution
and ethyl ether.

4., 'thilocyanate: Alkall thlocyanates have 1ong been
used In the colorimetric estimatlon of many metals.
Complexes with thlocyanate are formed by iron (III),

.uraﬂium (VI), bismuth, niobium, and rhenlum, as well
as cobalt (II) and ruthenium (III); these can be ex-
tracted readlly 1into oxygen-containing organic sol-

vents. In the presence of reduclng agents and/or
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masklng agents, tungsten, molybdenum, nickel, and
copper also form extractable thlocyanate complexes.

The work of Bock (74) has revealed that Be, Zn,
Co, Se, Ga(III), In(III), Ti(III), Fe(III), Sn(IV),
and Mo(VI) are extracted readily into ethyl.ether.
* Aluminum, V(IV) and U(VI) extract to a.lesser ex-
tent; L1i, Cu, Cd, Hg(II), Ge, As(III), As(V), Sb(III),
Bi, Cr(VI), Ni, and Pd are extracted only slightly.
.Certain of the.extraction data fér these lons appear
in Flgure 3. -

The results of the Investigations of Bock (T4)
show that although Be, Zn, Ga(III), Fe(III), Sec,
-U(VI), and V(IV) can be extracted from neutral solu-
tlions at their particular optlmum tbiocyanate con-
centratlions, the extraction of most of these 1is more
favorable af a hydrochlorlc acld concentration of

0.5 molar 1n the aqueous phase.

The behavior of the system; Mn(II)-V(IV)-
Cr(III)-SCN -Methylisobutyl ketone has been studied
by Lemmerman and Irvine (75) 1n preparing a separa-
tlon of V48 from deuteron-lrradiated chfomium foll
or chromic acid targets (procedure 8, Section VII).

Their results are summarized in Table VI (75).

Nitrates: Several lnvestigators (76-78) have reported
that small amounts of vanadlum are transferred to the
organic phase in the system: vanadium-nltrlic acild-
ethYl ether. Results of a study_by the Princeton
Analytical Groﬁp (76) involving the extractlion of
impurities in an ethyl ether-nitric acld system show
the distribution coefficlents (organic/aqueous) for
vanadium (V) in 3-N and 5-N nitric acld to be 0.004

27



PERCENT EXTRACTION

- g
w—
)
J
w-.
\-{-
70+
L]
60T
| |
50 o sccls
@ GuCI;'
+ Ticiy
4orr X Fe Ciy
4 Sn Cls
M VOCip
| B MoOCly
30
i
-
!
20H—
)
10
& | g 1 | 1 1
0 | 2 3 4 5 6 7

MOLES. NH4SCN/LITER -

Figure 3 Extractlon of Thiocyanates into Ethyl Ether.

.28



Table VI. Summary of the Extraction of Mn(II) and V(IV) into MiEK

Range -of Variable

0.94 --:'7.6_1' KSCN

pH 3-12

PH 2-12

pH 3-12

pH 2-12

pH 3-11

pH 3-11

PH 4-11

PH 3-10
9.1x102 _75x
7.3x 1072 - 3.1x
9.9 x 1072 - 7.5%
7.0x 107 - 3.1 x

* a=17.5x10°7

b = 3.0 x 1077
o = 1-3-x 1072

1077 £ mn(11)
1077 £ v(Iv)
107 ¢ mn(II)
10T £ v(Iv)

£ Mn(II)
£ v(Iv)
£ B:HQ

d =1.0 f KSCN

*E

Max. 33 at pH 7; at 1.3 M OH Ky fell to 0.3

Conatants®* FRange K,Mn(II) Range Ky V(IV)
ah 3.6 x 1072 - 25.0
bh 2.2 - 36.3
ach 7.7 x 1072 - 16.8
beh . 31.2 - 114
ace 7.1 x 107> - 18.6 .
bee 18 - 8.3 x 107"
acd 3.3x 1072 . 5.1
bod 122 - 6.2 x 1072
se 1.3x 1072 - 4.8
be - 2.6 - 4.2 x 1077
ac 1.4 x 10"‘t - 1.9
be 1.6 - 3.2 x 107
gh 1.5 - 11 '
fh 5.1 - 6.6
ogh 3.0 - 8.9
ofh 18 - 42
= 2.0 £ KSCN

£ = 4.0 f KSCN

‘g = 6.2 f KSCN

‘h=pHT

and 0.016, respectively (79). Distributlon coeffil-

cients for vanadium (IV) were found to be somewhat

lower.

As a result of 1nterest in uranium-bearing ores,

many of which contain varylng amounts of vanadium, 1t

has been found that vanadium (V) can be extracted in

yielda'up to 95-percent from nitrlc acid sclutions i1n

the pH range 1.5-2.0 using O.6-molar solutions of tri-

n-octylphosphine oxlde in Kerosene. Sulfate and car-

bonate lons tend to retard the extraction, while chlor-

ide appears to have no effect.

Inasmuch as vanadium (IV)

18 not extracted appreciably, the vanadium can be
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stripped from the organic phase by contacting with a
reduclng agent, such as 0.25 molar oxalic acld solution.
Further data on such extractions may be found 1n recent
Atomic Energ& Commission reports (e.g., 80—82); and

techniques and procedures (e.g. 83).

6. Heteropoly Aclds: A characterlstic property of heter-

opoly aclds 1s thelr solubillty 1n organic sloventa.
Elements.capable of forming thls type of complex 1n-
clude. Mo, As, P, W, V, and Si.

For the most_part, esters, Lketones, aldehydes,
and ethers are good extractants for heteropoly acids
(84). Carbon disulfidé, carbon tetrachloride, chloro-
form, benzene, and toluene do not make good extractants
for heteropoly acids (85).

Molybdovanadophosphorilc acid has been found (86,87)
to be extractable into mlxtures of'j-methyl—l—butanol
and ether, l-butanol and eﬁher or iéobutyl acetate;

1l-butanol, and ethyl ether.

In addltlon to the above extractions of vanadium complexes,
vanadium can also be extracted from aqueous Solutlons by rela-
tively high molecular welght amines and by alkylphosphoric_com-
pounds. A great wealth of materlal on these compounds can be'

found in recent literature (e.g., 88-96).

B. Chelate Systems

Many, if not all, of the chelate complexes considered
in sectlon 5 can be extracted into organlc solvents. Several

of these chelate systems are dilscussed below.

Cupferron; The chelate precipitate of vanadium (V) and

cupferron has been found to be soluble in a varlety of organic
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Fig'. L. Extraction of Vanadium (V) Cupferrate into Chloroform from
Hp80), Solution. '

solvents, lncluding ethyl aéetate, ether, carbon tetrachloride,
and chloroform. Certain of the chelates formed with other metals
are soluble 1n toluene, methyl ethyl ketone, bﬁtyl acetate, and
benzene. Furman, Mason, and Pekola (97) have carried out a
rather extensive study of cuﬁferron separations and consider .
extraction of the chelates to be superlor by far to preciplta-
tlon techniques for separatlion of mlcrogram to mllllgram amounts
of metal ions.

The dependence upon pH of the cupferron extraction of
vanadlum (V) from dilute sulfuric acid solutlion 18 glven in '
Figure 4 (98). Equal volumes (100 ml.) of aqueous Bolution
and chloroform were shaken together for séveral minutes 1in
obtaining these data. The ektracﬁion of vanadium (IV)—cup-
'ferrate from hydrochloric acld solution into ethyl acetate.
is presenfed in Figure 5 (99) as a functilon of pH. Table
VII (ioo) glves datea on the extractablllty of several metal

cupferrates into various organlc solvents.

1.
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Fige 5. Hxtraction of Vanadium (IV) Cupferrate into Ethyl Acetate
from HC1 Solution. . Cupferron Concentration in Organic Phase:
Curve A, 9 x 1072 M; Curve B, 6 x 102 M. :
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Table VII.
Element
Al
Ti (II)
v (V)

Mn (II)
Fe (III)

Co
. N1

~cu (11)
zn (IV)

" zr (IV)
)
429)]

‘g g 78

/'Sn (II)

' _"._.Sn ()

:.Sb (1I1)
. Ce (Iv)
¥ (vI)
-8g (11)

B1

Pa

U (1Iv)

Extraction Range
PR 2-5
pH ~ -0.08

pH -0.08 to ~0.56

PH ~ T
PH ~ -0.56

dilute HOAc

PH A~ T
PH ~ 0.08
PH~ T

PH ~ -0.56
PH {7
PH ~ -0.35

PH ~ 7
dilute acld

pH ~ -0.18
pH ~ -0.08
PH ~ -0.56
PH 2

PH ~ -0.08
PHA~ T -

HC1l or HESOu
PH ~ -0.08
PH or 4 N HC1

PH ~ -0.56

3

Extraction of Metal Cupferrates (100)

Solvent

Chloroform

'Chloroform, ether,

ethyl acetate

Chloroform, ether,
ethyl acetate

Ether

‘Chloroform, ether,

ethyl acetate

chioroform, ether,
ethyl acetate

organic solvents
Chloroform

Ether (extraction
incomplete)

Ethyl aocetate
Chloroform

Chloroform, -
ethyl aoetate

. Bolling ether

Chloroform,

. benzene

Chloroform,
benzene

Ethyl aocetate

€hloroform

hutyl acetate

: Ethyl acetate

(extrsction
incomplete)

Chloroform,
benzens

Toluene , methyl-
ethyl ketone

Ethyl acetate,

-Butyl acetate

‘Chloroform, ether

benzene :

Ether



8-Hydroxyquinoline (Oxine): Thils reagent 1s somewhat

sensltlve to light and heat. It 1s generally used as a l-per-
ceﬁt solution 1n chloroform, or as a 5-percent solution in
acetic acld. Extraction can be made of the metal chelate com-
plexes into several of the more commonly used organlc solvents.
Talvitie (101) extracted the vanadium chelate into chloroform
from a phthalate buffer at pH 4. Bach and Trellers (102) ex-
tracted vanadium 8-hydroxyquirnolate into 1soamyl alcohol to
obtaln a red solution.

As shown by'Table VIII (100), 8-hydroxyqulnollne extraction
of vanadlum 18 subject to interference by many 1on§. However,
by sultable buffering and thé use of masklng agents, much of
this interference can be eliﬁinated. It should be noted, how-
ever, (see Procedure 1, Sectibn VII) that the presence'of
hydrogén peroxide preciudes extraction of vanadium (V) 8-hydroxy-
.quindate into organlic solvents because of the formétion of a
vanadlum peroxy complex.

Acetylacetone (2,4-Pentanedione): This reagent 1s some-

what unique among chelate-formlng compounds inasmuch a8 many
of the metal.chelates formed are soluble in an excess of the
reagent. In general, the solubllltles of many of the acety-
lacetone chelates are of the order of a magnlitude or more
higher than the solublllitles of most other chelates.

Table IX (100) presents information on the extractability
of several metals wilith acetylacetone. As 1n the case of cup-
ferron and 8-hydroxyquinoline, masking agents and close control
of pH can lead to safisfactory sepafations. Figure 6, compiled
from the data of McKaveney (103), shows the extraction of several
metal-acetylacetonates as a funétion of pH. '

N-Benzoylphenyl hydroxylamine: The vanadium (V) chelate

with this reagent 1s soluble 1n benzene (104).
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Table VIII. Extraction of Metels with 8-Hydroxyquinoline (100)

Element

Mg

Al
Ca

Sc
T (IV)
v (v)

Mn (II)
Fe (III)

Co
N1
Cu (II)

ge (III)
Sr

Zr (IV)
¥ (V)

Mo (¥I)
Ru (III)

In (III)
sn (IV)
ce (III)
Nd

Er (III)
W (VD)
m (III)
Pb

B1

Th

Pa

U (V1)

"Pu (IV)
Pu (VI)

Optimum Extractilon
Condltliona

pH 10.2

pH 4.8-6.7;8.2-11.5
pH 13

pH 6.5-8.5_
pH 3.8-5.0
pH 3.3-4.5

PH 7.2-12.5
pH 1.9-12.5

pH >6.8
PH 4.5-9.5
pH 2.8-14

PH 4.6-13.4
pH 3,0-6.2
PE 11.28

HOAc-acetate buffer
pH ~ 11,63

pH 1.6-5.6
Acetate medium
Diluta HC1

pH ~ 8

pH >3.0

PH 2.5-5.5

. PH 9.9-10.5

pH>B.5
pH >8.5

‘pPH 2.4-4.3

pH 6.5-7.0 .
pH B8.4-12.3
pH 4.0-5.2
PH 4.9

Sat'd. (NH,),CO,
pH 4.7-8.0

pH 4 - 8

35

Solvent

Butyl cellosolve,
chloroform

Buﬁyl celloBolve,
chloroform

Chloroform, lsoamyl
alcohol

Tartrate used at
high pH

Tartrate used at
high pH

Tartrate used et
high pH

extraction incomplete

1 M B-hydroxyquion-
Tline in chloroform

citrate used at
high pH

Extraction incomplete

85-89% extraction . .

Chloroform, methyl
isobutyl ketone

Extraction incomplete .

Amyl acetate
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Benzohydroxamic Acld:

Table IX. Extractlon of Metal-Acetylacetone Chelatea (100)

Element

Be
Be
Al
T1 (IV)

v (1I1)°
v (IV)
cr (III)

Mn (II)
Fe (III)
Co (III)
cu
Zn

ga (III)
Zr (IV)

Mo (VI)

In (III)
Ce

™

U (V1)
Pu (IV)

Optimum Extraction

Conditions
pH 2
PH 5-10
PH U
pH 1.6

pH 2.0 .
pH 2.5
pH 0.0-2

PH ~ 4

pPH 1.5

pH -0.3 to 2.0
pH 2.0

rH 5.5-7.0

FH 2.5
PH 2-3

pH -0.8 to 0.00

pH 5.8 .
pH 4-6
pH 2-10

colored chelate complex with vanadium'(V).

Solvent

Acetylacetone
Benzene
Acetylacetona

Acetylacetone + chlor-
oform (~76% extracted)

Acetylacetone + chlor-
oform (~93% extrected)

Acetylacetone
(73% extracted)

Acetylacetone +
chloroform

Acetylacetone

Acetylacetone

_Acetylacetone

Acetylacetone

Acetylacetone
(~70% extractaed)

Acetylacetone

Acetylacetone
(~73% extracted)

Acetylacetone +
chloroform

Acetylecetone
Acetylacetone
Benzene

Acetylacetone

Benzene

This reagent forms a water-soluble

Bhaduri (105) found

that the chelate can be extracted into certain oxygenated organié

solvents, such as l-pentanol, hexanol, amyl acetate; 1sobutyl

acetate has also been used (106).

Sodium Diethyldithlocarbamate: A 2-percent aqueous sloutlon

of thils reagent has been used wldely 1n metal-chelate extractlona.

Having the structure

CHj cuz\

/
CH3 CHe

N—C
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Fig. 6. Extraction of Acetylacetonates as a Function of pH (103).




.the reagent 1s water soluble. The chelaﬁea, however, are abluble'
in such solvénts as chloroform, carbon tetrachlorlde, ether, amyl
acetate, benzene, and ethyl acetate. Extractions posselble with
the reagent are given in Table X (100). It has been found (107)
that the reagent decomposes quite rapldly in solutlons of low pH.
Extractions cérrigd out at these low pH's should be performed

uslng an excess of reagént to affect decompostlon.

Tgble X. Extraction of Diethyldithiocarbemate Chelates (100)

pH Range for

Z_ Element Optimum Extraction Solvent

23 v . > Ethyl acetate

2k cr (v1) 0-6 : * Chloroform

25 Mn (II) 6.5 Ethyl acetate

26 Fe (II) 411 Carbon tetrachloride

26 Fe (ITI) 0-10 Chloroform

27 Co 6-8 Chloroform

28 N ~ 0-10 Chloroform

29 Cu ) 1-3.5 Chloroform

30 7n 3 Ethyl acetate

31 G 3 ’ _Ethyl acetate _

33 As (III) _ 4-5.8 Carbon tetrachloride

3% Se 3 Ethyl acetate

B N (V) Weakly acid Carbon tetrachloride

2 W (w3 Ethyl mcetate

47 ag 3 Ethyl acetate

¥ Ae . Am Carbon tetrachloride

48 ca . 3. Ethyl acetate e

49  In 3 Ethyl acetate

5 sn(mv) .. 56 Carbon tetrachloride

51  8b (IIX) G- 4-9.5 " Carbon tetrachloride

52 Te (IV) - 5 N H+é pH 3.3 . Chloroform, benzene
; .5-8.7 Carbon tetrachloride

% W (VI) 1-1.5 Ethyl acetate

75 Re 12.2 N HC1 Ethyl acetate

76 o] . 7-9 (slow; Carbon tetrachloride

. extraction incomplete)

8o Hg 3  Ethyl acetate

81 m 3 Ethyl acetate

82 Pb "very acig" Ether, ethylacetate

83 B " 1-10 Chloroform, sther

92 U (vI) 6.5-8.5 ‘ Chloroform, ether,

amyl acetate
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Potasslium Xanthate: Thls reagent, having the structure

s
J
\s© (@

CHg CH, 0—C

- 18 formed by the action of alcohol on carbon disulfide in
alkallne medium. The aqueous solutlon 18 qulte alkaline, and
reacts with the metals listed In Table XI (100), forming metal

cheiates capable of belng extracted Into certaln organlc solvents,

Table XI. Extraction of Xanthate Chelates (100)

Conditions for :
z Element Optimm Extraction Solvent

23 v (V) pH ~ 3-7 Chloroform

26 Fe PH ~ 3-7 ' Chloroform

27 cd Ammoniacal solution Ether

28 N1 pH ~ 3-7 ' Chloroform

29 Cu pH 7-8.5 or Ether

ammoniacal solution

- 33 As Acid solution Carbon tetrachloride
42 Mo (VI) PH ~ 3T Petroleum ether and

’ ) ether or chloroform
51 Sb Acid solution Carbon tetrachlorjjde
52 Te Thiourea solution Ether ’
92 U PH ~ 3-7 Chioroform

It 18 qulte probable that several of the vanadium chelates
not'included in the above dlscusslon can be appliéd tb the solvent
"extractlon of vanadlum from various solutlona. However, information

on the solublllties of these chelates appears not to be availlable

in the literature. .

8. Ion-Exchange Behavlor of Vanadium

Several very good works on lon exchange techniques and
procedures have been publlished in recent years. Austerwell
(108) and Eeckelaers (109) have written books in French on
the general aspects of lon exchange. Two American texts are

those of Samuelson (110) and the works edited by Nachod and
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Schubert (111). These glve procedures for many separations,

as well as a discusslon of the theory and technilques involved

in ion exchange. Osborn (112) has compiled a useful bibliogra-
phy 1n whilch the ion'exchange behavior of the elements has been
Begmented. More recent reviews are those of Kraus and Nelson
(113), and.Kunin, McGarvey, and Fabian (114). Kunin and Preuss
(115) have reviewed the extensive use of 1lon exchange technilques
in the fleld of atomic energy, while Martinez (116) and Schultz
(117) have summarized analytical procedures using ilon exchange
technlques.

A method for the separation of rhenlum from vanadium and
tungsten has been published by Ryabchikilv and Lazaryek (118) in
wh;ch the rhenium 18 separated from vanadlum by passing the two
ions 1n 0.3 N hydrochlorilc acid through an anion exchange column
of MMG-1 In the nydroxide form. The vanadilum 1s_e1uted wilth 0.3 N
hydrochlorlc acld; rhenlum is then removed from the column with 2.5
N sodium hydroxide. Separation of these two elements can also be
effected by passing a (neutral) solution of the lons through a column
~ of SBS catlon exchange resln 1n the hydrogen form. The rhenlum 1is
eluted with dllute acld; vanadium 1s eluted with 1:4 ammonium hydrox-
ide. A separation of vanadlium from tungsten lnvolves adsorption of
these lons at pH 1 on a column of anlon-exchanging aluminum oxide,
with elutlon of the vanadium by means of a solution containing
hydrogen peroxide at pH 1. Tungsten 18 eluted with a solutlon of
amoniuﬁ hydroxlde.

A rather unusual procedure for the separation of uranium_and
vanadlium 1n carbonate leach liquors has been developed by Saunders
(119), and involves the electrolytic'precipitation of uranlum 1n
a solution 1 M in sodlum carbonate. An electrolytlc cell of
plexiglass 1s divided into two portions by an ion'exchange mem-

brane which permlts the passage of catlons only. The uranium-
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and vanadium—beariﬁg leach liquor 1s placed 1n one portion of
the ceil, and the sodlum carbonate solutlon in the other. A
direct current 1s applied, and the uranium precipltates as
U308 and/or U0, 1n the portlon of the cell containing the sodium
carbonate. The vanadium remalns in the leach liquor solutlon and
can be removed from solutlion by electrolysis at an amalgamated
lead cathode.

Murthy (120) has also investigated the separations of vana-
dium and uranium by lon exchange ﬁethods in sodlium carbonate sélu-
tion. A Bolution containing uranlum, aé the carbonate complex

[U02(Co ]u‘

3)3 , and vanadium, as VO3 ,.1n excess sodium carbonate
is passed through a coclumn of Amberlite IRA-400 anlon exchange
resin in the chloride form. All.of the uranium, and part of the
vanadium is adsorbed on the column. The vanadium 18 eluted with
a 10-percent solutlon of sodium carbonate. The uranium 1s desorbed
wlth a sodlum chlorlde solutlion. The elutlon of vanadium with
sodium carbonate 1s shown 1n Figure 7.

Erlenmeyer and Dahn (121) have investigated the use of 8-
hydroxyquinoline as an adsorption agent 1n the chromatographlc
separation of several lons, in which the adsorptlon takes place

by means of chelate formatlon. The order of adsorption, and the

color of the various layers formed has been glven as:

1. Vo3 : grayish-black 5. N2+ green
2. WOh~ : yellow 6. Co?t : pink
3, cust ; green 7. zn°t yellow, with intense
: : green flgorespence
4. B1ot yellow 8. Fedt black
9. Uog‘ reddish-orange
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CURVE  VANADIUM ELUANT  ELUTION RATE
65l— NO. ON COLUMN  %Na, CO, ML/HR
_ MG V; O

1 250 10 100
60— 2 250 10 200

3 100 10 100
55— 'y 100 10 200

5 100 . 5 100
50 6 100 ' :

45

40

25

20

VANADIUM CONCENTRATION IN ELUATE, MG OF V, 05 PER 25 ML

12

25 6 101l 13

ELUATE FRACTION (25ML) NUMBER

Flgure 7.Elutlon of Vanadium (V) from IRA-400 with sodlum carbonate.

It would appear that the order of adsorption corresponds well
to the order of solubllitiles of the 8-hydroxyquinolates. However,
the order of adsorption 1s socmewhat dependent upon pH; the order
of adsorptlon of'zinc_and iron 1is reversed 1n aceticlacid solutilon.
The most obvlious disadvantage of this type of separation lies 1n the
restrictions placed on types of solutlons which can_be used. Systems

which attack or dlssolve the édsorbant cannot be used. However, this
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type of technique .points the way toward the use of other cﬁelate—
forming adsorbants where resin exchangers may be lneffective.

Hicks and co-workers (122) have investigated the behavior of
la number of metals toward anion exchange on Dowex-2, a strong basic
type of resin. The resln 1ls converted to the chloride form by treat-
ment with éoncentfated hydrochloric acid before use, and 1s slurried
into a2 column érrangement such that a bed bf'resin approxlmately
10 cm. long by 0.4 cm. in dlameter 1s deposlted. The elements to
be studled are placed on the column 1n concentrated hydrochlorlc acild;
approximately 0.1 to O.4 milliequivalents (~ 10 mg) of each metal is

used. The solutlion 1s passed through the column at a rate of one

drop every 5 to 10 seconds. When the liquld is nearly level with
top of the resin, a drop of concentrated hydrochloric acid 1s added
to the reservolr. The liquid is passed through until the level
again approaches the top of the column, and two additlonal ml of
concentrated hydrochlqric acld are added as a wdsh. On complet-
1ng this wash, whlch represents approximately five free column
volumes, the eluate 18 checked for the metal belng studled. If
the metal is not eluted by thils procedure, 4-ml. of 9 M HC1 are
passed through the column, and the eluate rechecked. Hydro-
chloric acid of 6, 3, O,l and 0.001 molarity 1s then tried in
succession until the metal appears in the eluate. Water, 3 M
perchloric acld, molar ammonlum hydroxlde, and flnally, molar
sodilum hydroxide are used as eluants if the hydrochloric acld
does not remove the metal from the column. If 4 ml. of eluant
do not remove the metal completely from the column (approximately
10 ecolumn volumes), the metal is considered not to be eluted by
the particular eluant.

The results of thils investigation are presented in Table XII,
which llsts only those elements investlgated. Note that vanadlum
(II, III and IV) are eluted wlth concentrated hydrochloric acid,
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signifying'very slight adsorption of these ilons on the column.
Vanadium (V), on the other hand, 1s adsorbed from condentrated
hydrochioric acid, and 1eg eluted, along with T1 (IV), Pt (II),
Zr (IV), Hf, and.tracé amounts of Ag and Ta, by 6-9 M;H01.

In the summary of results in Table XII, 1t is well to note
'that elements which are eluted by a given'elﬁant have, 1n general,
rather widely different chemilcal propérties. Subsequént separation
of these elements can then be accomplished by other'methods..

Studies similar to that of Hicks, et al., have been conducted
by Kraus and Nelson (123) and Kraus, Nelsbn and Smith (124). Xraus
and Nelson studlied the adsorptlion of a number of metal lons in -
hydrochloric acld on Dowex-1 anion exchange resin. They found
that over the range 1-12 M hydrochloric acid no reglon 1s found

where conslderable adsorptlon takes place for vanadium (IV). 1In

Table XII. Elution of Elements from Dowex-2
Anion Exchange Resin (122)

Eluting Agent
12 M HC1 Alkall metals, alkaline earths, rare earths,
i Se, ¥, ™ (111), v (II, III, IV), Ni,
As (III), As (V), Se (IVv), T1 (I), Pb, R,
Cu (IT) slowly, Al, Cr (III), Fe (II),
Mn (11)
6-9 M HC1 - T (Iv), V (V), Ag®, Ta%, Pt (II), Zr, Ef
3-6 M HC1' ©  Pe (III), Co (II), Ge, Nb*
1-3 M HC1 .- Zn, Ga, Mo (VI), In, Sn (IV), Te (IV),
"~ Te (VI), Au (as suly), FD
< 0.01 M HC1 sn (II), Hg (II), B1, Sb (V) slowly
3 M HC10y Po, Cd, Sb (III), Sb (V) slowly
1 M NH,OH _ Pd, Ag, Sb (III), Sb (V)
1 ¥ NaOH e
Not Eluted " To%, Ru, Th, Re, 08, Ir, Pt {IV), Au (III),

T (III)

*_' In trace concentratione only.
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Figure 8. Separation of V(IV), Ti(IV) and Fe(III) by anion
exchange (18.6 cm. x 0.49 cm® Dowex-1 column;
1 ml 0.05M V(rv), 0.018 M Ti1(IV), 0.025 M Fe(III)

in 12 M HCL.

the case of vanadium (I11), 6n1y slight adsorptlion 1s found to take
place in 12 M hydrochloric acid. 'Vanadium (V), however, :which
forms an Intensely brown-colored solution in concentrated hydrb-
chloric acld, can be adsofbed strongly by an anion exchange resin,
glving rise to a dark brown band. Figure 8 (124) shows the separ-
ation of vanadlum (IV) from titanium (IV) and iron (IIi) on a
column of Dowex-1 anlion exchange resin. Since vanadiﬁm (V) 1s

only very slightly adsorbed from 12 M hydrochloric acid,.it elutes
" first, while the titaniﬁm'(IV) and iron (III) are more'strongly
adsorbed and hence remain on the column when eluted with concen-
trated hydrochloric acid. The distributlion of these three ions
from hydrochloric acld 1s shown in Figure 9 (123).

The distribution of vanadium (IV and V) between hydrofluoric

acld and Dowex-1 anlon exchange resin has been studled by Faris
(125), aldng wlth a study of many other 1ons throughout the per-

iodlc table. Faris' resulté are shown in Figure 10; he found
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that neither vanadium (IV) nor (V) produced a definite peak.in
their elution, indicatlng possible oxldation or reduction of these
specles as a result of contact with the resin.

Anilon exchange resins have been employed (126) to separate
vanadate from sodlum and potassium ions 1n sSolutlon and for the
. quantitative estimation of the vanadate adsorbed. A mixture of
these lons 1s passed through a column of Dowex-2 resin 1n the

hydroxide form. Sodilum and potassium are not'adsorbed, of course,

but the vanadate 1s adsorbed, dlsplacing hydroxide lons from the
‘resin. The amount of vanadate present 1n the mixture can then be
determined by titrating the liberaﬁed hydroxidé with standard acld.

Samuelson, ILunden and Schramm (127) have devised a useful
method for the removal of several catlons from solutions contaln-
ing alkalil salts. The method 1s based on the observation that a
number of catlons caﬁ be adsorbed on .an anlon exchange resin sat-
urated with anlons capaﬁle 6f forming strong complexes. Tartrate,
citrate, and oxalate are exaﬁbles of the complex-forming anions
used. Cobalt (II), nickel {(II), copper (II), iron (III), and
vanadium (IV) are adsorbed quantitatively on an anion exchange
resin 1n the citrate form, while the alkall metals are not. The
alkall metals elute with water, leaving the above 1lons behind on
the column. The adsorbed lons can be eluted wlth hydrochlorilec
acid soiution.

Molybdenum is'separated from solutions containing lead,
.copper (IT), iron (III) and vanadium (IV) in a procedure devised
by Klement (128). Molybdic acid, as the cltrate complex, passes
through a column of sulfonlc acld type cation exchange resin in
the hydrogen form, while léad, copper (II), 1ron (IIT) and vana-
dium (IV) cations -are strongly adsorbed. After elution of the
molybdic-cltrate complex and washing the column with water, the

adsorbed catlons are eluted by means of dilute acid. For the elu-
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tioh of copper and vanadlum, 1:9 sulfurlc acid is used. TIron 18
best eluted with 4 N hydrochloric acid, and lead with 1:7 nitric
actd.

. Solutions containing vanadate, chromate, molybdate, tungstate
'and phosphomolybdate cannot be adsofbed successfully by cation
exchanges in the hydrogen form. A portlon of these anlons 1s re-
tained on such resins as a result of partial transforﬁation into
cations by reduction (124) or as a result of precipitation (110).
Separations of these lons from catlons can be performed readily, |
however, on columns of catlon exchanges 1n the ammonlum form.

A few sepération gchemes involving ion exchange separatlons
have been devised specifically for the isclatlon of radiovanadium
formed during cyclotron bombardments. Schindewolf and Irvine (129)

~utilize the fluorlde form of an anlon exchange resin to adsorb
titanium and scandium, while vanadium (IV) passes through (see
procedure 7, Section VII). Another.procedureJ due to Walter (130),\
gseparates radlovanadium froﬁ tracer amounts of radloscandium and
milligram amounts of titanlum by passing an oxalate solutlion of
these-elements through a column of Dowex-1l. No traces of radlo-
scandlum actlvity are found 1n the eluate, and titanium contamin-
ation 18 less than 20 micrograms per mlllliliter of effluent.. (cf.
procedure 11, Section VII).

V. PROBLEMS ASSOCIATED:WITH DISSOLVING
VANADTUM-CONTAINING SAMPLES

" ‘Many minefals contalning vanadiﬁm ére readlily attacked by
mineral acids, an inltial treatment by hydrochloric acid followed
by nitric acld usually belng all the treatment necessary for com-
plete extraction of vanadium (131). Any insoluble :esidués, gen-
erally devold of vanadium, can be made soluble by fuslion wilth

sodium carbonate and dissolutlon of the melt 1n hydrochloric acid.
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This solutilon 1s then added to the maln body of solutlon. If
gilica .is not to be determined, the solution of insoluble residue

- from acid treatment of a vanadium-contalning sample can be accom-
plished by means of hydrofluoric acid, which 1s then elimlnated by
evaporation wlth sulfurid acld or by repeated evaporatidn wilth
hydrochloric or nitric aéids.' The usual treatment of a gross
sample wilth hydrofluoric acid, followed 5y evaporation with sul-
furic acid to eliminate the ﬁF,is not recommended since volatile
fluorides or oxyfluorides of vanadium may be formed at red heat.

The materials which readily yield their vanadlum content to
the above treatment include vanadlnite, carnotlite, desclolzite,
.cuprodescloizite, eusynchlte and othe: naturally occurring van-
adates (132),in addition to most of the common vanadium-contain-
ing alloys. Patronlite may also be dlssolved by this method 1f
most of the sulfur present 1s first removed by 1gnition.

The vanadium present in rascoelite.does not appear to respond
to the acld treatment outlined above, posslibly because of 1ts pre-
sence in a silicate complex. Materiél of this sort 1s best treated
by fusion ﬁethods. Many vanadlum minerals which are not attacked
appreciably by aclds willl yileld to fusion with sodlum or potassilium
carbonate (to which a small amount of niter 1s added), or sodium
peroxide. Certaln types are also susceptible to attack by sodium
or potasslum hydroxide fusion, conducted in nickel or iron crucl-
bles, followed by dissolution of the melt in acid.

A major disadvantage—of most fusioﬁ techniques lies in the .
rather long period of heating required for complete fusion. A very
useful and short method for effecting solution of many vanadium-
contéining materlals, includlng blologlcal tlssue, 1lnvolves a
sodium peroxlde fusion i1n nickel or iron (requlring approximately
two minutes for-completion), followed by rapild coollng of the melt

and crucible and subsequent dissolution of the melt in acid (133)
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(see also procedures 1 and 6 , sectilon VII). Solution of finely
ground geological materials encapsulated in gelatin has been found
(134) to occur in the molten sodlum perocxlide 1n somewhat less than
one minute. Variable amounts of nickel crucible are dissolved, but
" in general do not interfere with the subsequent analysis. Often,
samples are encountered which fuse or otherwise react wilth the
molten peroxide with explosive force, hence 1t 18 usually advis-
able to wear safety glasses and to conduct the fusion behind a
safety shileld of shatterproof glass or plasfic.'

- A falrly complete review of fuslon methods and reagenfs'has
been compiled by Calkins (135). In this compilation insoluble
resaldues are classed as acid insolubles, alkallne 1nsolubles,'and
refractory oxides, (acid and alkaline insolubles). Methods of

dissolutlion for each of these classes are presented.

VI. COUNTING TECHNIQUES FOR VANADIUM ISOTOPES

While the number of radloactive nuclldes of vanadlum may not
be as iarge as that found for many of the other elements, among
thelr radlations are found most of the more common modes of decay.
Beaufait and Iukens (136) have an excellent compilstion of general
counting procedures, as well as technlques and se;f-absorption
curves for several nucllides other than vanadium. Coryell and
Sugarman (137) have a sectlon on counting technlques 1n general,
but the material is not the very latest. Scintlllatlon technlques
were not widely known at the tlme thls work was publlshed, hence
are not touched upon. P. R. Bell (138) has an excellent discussilon
of scintillation technlques, using beta and gamma radlations.

Using as criteria a long half-life and energetlic radiations,
it wouid.appear that there are no really good vanadium lsotopes
sultable for use.as tracers. Vanadium-48, having two relatively

energetic gamma rays of high abundanée, (Fig. 11), 1n addition to
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Figure 11. Gamma Spectra of Vanadium-48. The 2.30 Mev sum pesk
: is not shown. (139) . :

a rather Intense annihalatlon radiation, has been used successfully
as a vanadium tracer. However, 1ts relatively short half-life_ (16
days) limits its general applicabllity. The absolute counting

efficiencies for the two most abundant gamma rays of V48, 0;986 Mev
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and 1.31%-Mev, are 18.5 percent and 17.0 percent (139) respectively
at a disténce of 1.0 cm from a 3" x 3" NaI(T1l) cylinder; for a
standard well counter (1-1/2" dlameter x 2", well 3/4" x 1-1/2"
deep), these efficlencles are approximately 22 percent and 20 per-
cent (140), reséectively. _

The 330-da§ isotope, VA9, has a half-1ife which makes 1t suit-
able for use as a tracer; however, 1t decays completely 5y electfon
capture, with accompanying X-radiation. Hencé, in use as a tracer,
VAg cannot be counted with very great efficlency by means of G-M
or proportlonal type counters. One must therefore rely upon the
use of scintillation or.x—ray couﬁters. Since X-rays would be ex-
pected to underg§ an appreciable'loss in energy_in penetrating the
aluminum can genefally surrounding a.scintillation crystal, this
method would allow only moderate Sensitivity, but would probably
be the most practilcal.

The 1sotope'formed on neutron lrradlation of naturally occur-
ring vanad;um 1sotopes has_a very short half-life, 3.74 minutes,
and therefore is of no use as a tracer. ' It has been used 1n the
actlvation analysis for vanadlum by the author, however. The beta
ray emltted 1s of sufficlently high energy (2.47-Mev) to allow use
of G-M or proportional type counters. Self absorption of varlous
vanadlum-52 preéiﬁitétes wou;d not be expected to 5e too great
upon using COuntefs of thls type. This effeét would npt be so
apparent when a SQintillation counter is used, lnasmuch as the
bremasstrahlung is.counted wlth greater efficlency than 1n the case
with G-M or proportional counters. The gamma spectrﬁm of this 1l1so-
tope, (Fig. 12), is quite simple, consisting of a slngle gamma ray
of 1.433-Mev. Thils gamma radiation can be counted with 16.5 per-
cent (139) absolute efficiency by a 3" diameter x 3" NaI(Ti) scin-
tillator at a distance of 1.0 cm, and ﬁith an efficiency of approx-

imately 20 percent (140) i1n a standard well crystal.
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VII. Collected Radlochemical Procedures

For Vanadium.

PROCEDURE 1

Source: J. L. Brownlee, Jr.

Target materlal: Petroleum cracking Time for Separatlion: 10 min.
catalyst (A1,0; - S10, base) '
1rradiated 1ﬁ Eelatin capsule Equlpment required: Standard

Type of bombardment: Neutron (fission  Yield: - Variable (18-70%)

spectrum); 10 min. at reactor power
level of 1000 KW

Degree of purifilcation: Sufficlent for gamma spectrometry

Advantages: Complete removal of aluminum and gamma actlvitles
having energles greater than 1.4 Mev; rapild separation

_ Procedure |
Step 1. Place a known_amount of vanadiuméMB actlivity in a 30 ml
nickel cruclble and evaporate to dryness. Add 3-4 gm of sodium_peroxide'
and bring to the molten state before the sample i1rradiation has been

completed.

Step 2. Fuse 40-100 mg finely ground sample (note 1) and gelatin
capsule with sodium peroxide for two minutes (note 2). 0601 cruclble
and contents rapldly by dlpping base of crucible.into cold water untill
the contents have solildifled (note 3).. | ' .

Step 3. Dissolve the solidified melt in a solution containing'
16.7 ml concentrated HCl, 3 ml aluminum carrler, 0.5 ml vanadium (V)

carrier, and 15 ml of 3% hydrogen peroxide, diluted to 50 ml (note 4).

Step 4. ‘To this solution, add 30 ml of a 10% solutlion of
8-hydroxyquinoline i1n 1:4 acetlc acld, followed by approximately 60 ml
of concentrated ammonia (note 5). A large yellow-green preclpiltate of

aluminum 8-hydroxyquinolinate is formed.

Step 5. Fillter the precipltate through a 120-mm medium sintered

glass funnel. Wash the precipltate with a minimum of dilute ammonia.
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PROCEDURE 1 (Continued)

Steg 6. Acldify the filtrate with HCl. Cool by adding éhipped
ilce or 1iquid nitrogen directly into the filtrate (note 6).

Step 7. Transfer the flltrate to a 250 ml separatory funhel
containing 5 ml chloroform previously equilibratéd with 1-2 N HC1 -
(note 7). Add 6 ml of &% aqueous cupferron (note 8). Extract for
one minute and allow 30-60 secdnds for separation of the layers.

. Step 8. Transfer the chloroform layer to a countlng tube aﬁd

analyze the gamma actlvlity wlith a multl-channel gamma spectrometer.

Chemical yleld: Determine wlth vanadium-48 tracer.

Notes:
1. Samples.were hand ground or machine ground 1n agate before
irradiation. _ '

' 2. The gelatin capsule 1s attacked vigorously by the molten -
peroxlde-. As soon as the capsule and sample'are inserted, the cover
should be clamped down onto the crucible and held in place with crucilble
tongs untll the reactlion subsldes. Safety glasses and a safety shleld

should be used durlng thls and subsequent operatlons.

3. It 1s ilmperative that the contents of the cruclble .be solld
and as cool as posslible before di;solving the melt. If the melt is
too hot, a violent reactlon will ensue, causing radloactive contamin-
ation and resulting in possible inJury.

_ 4, The hydrogeh peroxide forma a peroxy complex with vanadlum
and prevents reactlion with theSB-hydroxyquinoline.

5. The pH of the final solutlon should be of the order of 9-10.

6. Vanadium cupferrate 1s decomposed by heat and wlll not extract
into organlic solvents, hence the temperature should be kept as low as

possible. '

7. If liquid nitrogen is used to cool the filtrate, care must

be taken that all of the nitrogen has been evaporated off before the
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PROCEDURE 1 (Continued)

separatory funnel 1s shaken, or the pressure created on shaking may be
sufflcient to break the funnel. _
8. The cupferron solutlion should be made fresh dally and kept

under refrigeration if possible;

'PROCEDURE 2
Source: J. L. Brownlee, Jr.

Target material: Tltanium Foll Time for separation: U4-6 hours

Type of bombardment: Deuteron, ~ 7.8 Mev Equipment required: Standard
(Univ. of Michigan Cyclotron)

Degree of.purificatibn: Sufficlent for
gamma spectrometry and half-life
determination

Yield: Undetermined (~ 0.1 me)

Advantages: Apparently good decontamination - no "forelgn" gamma
photopeaks present in gamma spectrum of separated
vanadium-48,

Procedure
Step 1. Dissolve the tltanium foll target in a minimum volume

of concentrated HF contailning scandium and vanadlum carriers. Dls-
solution 18 carrled out in a polyethylene beaker.

Step 2. The solutlon 1s transferred to a Lustrold centrifuge
tube and the scandium fluoride removed by centrifugation; The pre-
clpitate 1s washed with a small volume of dilute HF; the washings
~are added to the centrifugate.

Step 3. A dilute solution of sodium salicylate 1s added to the
clear centrifugate (note 1). Pb(V03)2 is preclpltated by addition of
a 10% solution of Pb(Ac)2 acidified slightly with HAc (note 2).

Step 4. Filter the precipiltated Pb(VOB)E, and wash with a small
volume of dilute ammonium hydroxlde. Dilssolve the precipltate 1n a
small volume of HCl, neutralize with dllute ammonium hydroxide, and

- repeat Step 3.



PROCEDURE 2 (Continued)

Step 5. Dissolve_the Pb(V03)2 preclpltate in a minlmum of con-
centrated HCl. Dilute this solutlon to approximately 6 N in HC1.

Sfeg 6. Cool the solution (note 3), and add a 6 per cent |
aqueous solutinn of cupferron.(note 4)., Filter the brown-colored
vanadlum cupferrate and wash wiﬁh a small volume of 0.05 N HCI1.

Step 7. Transfer the precipltate and filter paper (note 5)
to a small beaker. Add a small volume of fuming nitric écid and
concentrated sulfurlic acld to destroy organlc matter (note 6).
When the solution 1s clear, heat to fumes of 803.

Step 8. Cool the solutlon, and dilute cautiously 1l:1 wilth
water. Add 6 per cent aqueous cupferron (note 4).

Step 9. Fllter the vanadlum cupferrate and wash with 0.05 N
HC1l. Transfer the preclpiltate and filter paper to a small beaker.
~Add the minimuym amount of fuming nitric acld to destroy the filter
paper and the éupferrate.

Step 10. Allow the acld solutlion to cool. Dilute with de-
lonized water to a convenlent volumé. Solution can be used as

vanadium-48 tracer. The yleld 1s approximately 1 pe-

Notes:
1. Sodlum salicylate complexes the dissolved titanium and
retards 1ts carrying on the preclpltate.

2. The solution must be kept slightly acld if the precilpitation
of lead hydroxlde 1s to be prevented.

3. The solution 1s cooled somewhat since vanadium cupferrate is

sensltlve to heat. !

4, The cupferron solution 1s best kept in a refrigerator to

retard decomposition.

5. An "ashless" grade of analytical fi1lter paper should be
used for this filltratlon,

57



PROCEDURE 2 (Continued)

6. Ordinary concentrated nitric acld attacks the filter paper
and preclpltate more slowly - 1n some cases taking as long as-one—
half hour to decompose the organic matter. Thils step is best car-

ried out in covered beakefs. Safety glasses are recommended.

PROCEDURE 3

Source: Cassatt, W. A., Ph.D. Thesls University of Michigan,
Department of Chemistry, 2l September 1954

Target material: Titanlum foil (2 .ills = Time of separation: Approx.
thick) 4 hours

Type of bombardment: Deuteron (~ 7.8 Mev) Equipment required: Standard

Degree of puriflcation: Not known Yleld: Undetermined

Procedure

Step 1. Dissolve the target 1n a minlmum volﬁme of HF; add
scandium and vanadium carriers (10 mg/ml).

Step 2. Transfer the solution to a Lustrold centrifuge tube.
Remove scandlum fluoride precilpitate by centrifugation. Wash the
preciplitate with a small volume of HF; add the washings to the
centrifugate. ' _

Step 3. Make the filtfate basic wilth approximately 6 N NaOH
to preclpitate T:O2 . X Heo. Fllter; make the filtrate 6 N 1in HCl1.

Step 4. Add a 6 percen# aqueous solution of cupferron to pre-
cipltate wlth dilute HC1. Tﬁansfer the precipltate to a beaker,
and destroy the organic material by adding fuming niltric acld. Add
a small volume of acetlc acld to the clear solutlon.

Step 5. Neutrallze the above solution with ammonium hydroxide.
Add a solutilon of Pb(Ac)2 to precilpltate Pb(V03)2. Wash the pre-

clpitate with dllute ammonium hydroxide.
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PROCEDURE 3 (Continued)

Step 6. Dissolve the Pb(VO in the minlmum volume of con-

3)2
centrated HCl. Add scandium and titanium carriers (10 mg/ml).
Repéat steps 4 and 5 twilce more. '

Step 7. Precipltate purified vanadium as Pb(VOB)E' Filter

onto a 15 mm filter dlsc. Mount the precilpiltate ahd count;

Remarks:

The decay of the beta-ray activity waﬁffollowed by countlng
the beta parficles emitted in the region of 1.35 Mev wilith a beta-
ray spectroﬁeter. Analysls of the decay curve obtained showed the
presence of a 35+ 3-mlnute activity, and a four-hour activity;
Gamma photons emltted by the sample were analyzed with a gaﬁma-ray
scintiliation'counter, and the resulting curves resolved. These
data indicated a 30 + 3-minute activity and é 3.5 + 0.5-hour
activity. Gamma-ray energles, determined with a gamma scintillation
spectrometer, were found at 0.329, 0.422,.0.515, 0.588, 0.682, 0.795,
and 0.897 Mev with a precision of 5%. It was estimated that the
0.588 Mev liné decayed with a half-life between 20 and 40 minutes,
and that the other lines decayed with a half-11fe between 3 and 5

hours.
PROCEDURE 4
Source: Fukai, R., in AECU - 3887
Target material: Blologlcal ash Time for Separatilon: ~U4 min.

(Seaweed and marine life)

Type of bombardment: Neutron (in Equipment requlred: Standard
pneumatic tube) 10 min. at _
reactor. power level of 100 KW Yield: 41.5% = 1%

Degree of'purification: Enough for -y-spectroscopy

Advantages:'.Rapid separation
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PROCEDURE 4 (Continued)

Procedure

Step 1. TIrradiated ash is digestéd for 30 sec. 1n 15 ml. of
‘hot 4 M NaOH solution containing 10 mg-V-carrier.

Step 2. Add 10 ml of conc. HCl to dissolve the ash. Dilute
the solution to 50 ml wlth water. |

Step 3. Transfer tﬁe solution to a separatory funnel 1n
. which 10 ml of chloroform is already placed.

Step 4. Add 2.5 ml of 6% cupferron aqueous solution and
shake vigorously for 30 sec.

Step 5. Iet stand for 40-60 sec. to sepﬁrate the layers.

Step 6. Transfer the organlc layer to marked tubes and

count. (See remarks.)
Remarks

Tn this case both the scintillation well counter (1" x 1-1/2"
NaI(T1l) crystal) and 100-channel y-spectrometer (3" x 3" NaI(T1)

crystal) were used for counting. Two 5 ml counting samples'wefe

~

used, one for each counter.

PROCEDURE 5 '
Source: Fukal, R., in AECU - 3887

Target material: Blological ash Time for Separation: - ~10 min.
(seaweed and marine 1life) -
: Equlpment requlred: Standard
Type of bombardment:  Neutron (in
pneumatic tube) 10 min. at Yield: ~30%
reactor power level of 100 kw. :

Degree of purification: Enough for y-spectroscopy
Advantages: Rapld separation



PROCEDURE 5 (Continued)

Procedure
Step 1. Place the lrradiated ash in a beaker contalning 15 ml
of hot 4 M NaOH solution and 10 mg Vanadium (V)-carrier. Heat 30
sec. on a burner to digest the ash.”. |
. Step 2. Add 5-6 ml of concentrated HCl to dissolve the ash.

Heat for a whlle if necessary.

2
V4+ (blue solution should be obtained).

Step 3. Add 3 drops of 10% SnCl, solutlon to reduce V54-to
Step 4. Dilute the solution to approximately 50 ml with dis-
tilled water.
‘Step 5. AdJust pH of the solution to approximately 5 by
using 1 M NabH solution and testing with Hydrion pH-paper. (Faint
grey-white precipitate of tin should appear.)

. Step 6. Tranéfer the contents of the beaker to a separatory
funnel. Add approximately 50 ml of 0.25 M TTA-benzene solutilon énd
shake vigorously for 30 sec. (Green color appears 1n orgénic iayer).

Step 7. Add 25 ml of 6 M HC1 to the separated organic layer
and shake 30 sec. to recover VA+'in inorganlc layer. .
Step 8. Add 5-10 drops of 1 M KMnO, solution to oxidize v
to V5

Step 9. Add 2 ml of 6 percent aqueous cupferron solution
while cooling 1n a dry ice bath. Allow to staﬁd for approximately
1 mlnute to allow the precipltate to settle.

Step 10. Filter onto l-inch papéf. Mount the preclpitate

for counting.

Remarks:
Chemical yleld determined wlth vanadium-48 tracer or standard-

1zed vanadium carrier.
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PROCEDURE 6
Source: Kalser, D., in AECU - 4438

Target material: Biological tlssue Time for Separation: ~5 min.
(Wet rat liver and kidney) : o
Equipment required: "Standard
Type of bombardment: Neutron (in

pneumatic tube) 10 min. at © Yield: 40-45®%
reactor power level of 1
megawatt

Degree of puriflcation: Enough for y-spectrbscopy

Advantages: Rapld separation

Procedure

Step 1. Irradlate sample 10 min. at 1 Megawatt (approximately

12 -1
).

10 n-cm 2-sec

Step 2. Fuse sample in 10 gms Na O2 contalning vanadium-48

2
tracer, 10 mg of vanadlum carrler, and 10 mg of copper holdback
carrler. _
_ Step 3. Dilesolve the melt in 50 ml water, and add 42 ml con-
centrated HCl.
Step 4. Add 10 gms of tartaric acid, bubble in H,8 gas, and
filter. | '
Step 5. Add 10 ml 6% aqueous Cupferron solution to vanadium
filtrate, and extract with 10 ml CHC1.
Step 6. Collect organlc layer, and count with IQO—chanhel

analyzer.

Remarks: Chemlcal Yield: Determined by means of tracer vanadium-48.



PROCEDURE 7

Sourde: 'Schindéwolf, U.'and.Irvine, J. W.,
Anal. Chem. 30, 906 (1958)

Target material: Titanium foll Time for Separation: ~l-1 1/2 hrs.
Type of bombardment: Deuteron Equipment required: Standard

' _ : . . plus polystyrene lon ex-
Yield: > 90% ' ' change columns.

Degree of purification: Decontaminatlon factor for Sc and Ti
> 5 x 107 -

Advantages: Carrier-free vanadium-48 tracer.

_ Procédure .

Step 1. Dissolve bombarded titanium foll in few ml concen-
tratéd HF 1n high temperature polyethylene test tube. Heat on _
steam bath 1f necessary.

Step 2. Ad4 few drqps of HEOE' Evaporate to dryness.

Step 3. Dissolve material in 0.5-2.5 M HF. Saturate with
S0, gas. ' B -

Step 4. Pass solution through anlon exchange column in the
fluoride form (obtain fluofide form by equilibration of resin with
0.5-2.5 M HF). Elute vanadium with 5-10 column volumes of 0.5-2.5

M HF in polystyrene columrn.

Remarks: For absorption of 1 gm titanium use polystyrene column

1.3 cm 1in diameter x 25-¢mﬁlong.

PROCEDURE 8

Source: Lemmerman, R. D.,_irving, NP-1797, July 1950, pp. 54-5

Target materlal: Chroﬁium metal Time for Separation: ~2-3 hrs.
. or Cr,0

273

: Equlpment reqﬁired: Standard
Type of bombardment: Deuteron :

Yield: ~90%
. Degree of purlfication: Very gocd
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PROCEDURE 8 (Continued)

Advantages: Procedure short; radlochemlcal purity of carrier-free
v good. Mh52 can be separated from agueous phase

following V extractlon.
~ Procedure

Stég l. Dissolve chromium metalltarget in hydrochloric acid.
If target 1s chromilc oxide, fuse wilth sodium hydroxide and sqdium
peroxide, cool, and dilssoclve melt.in hydrochloric acid. (CAUTION!!
Safety glasses and shileld should be used!!)
Step 2. Make HC1l solution 1 f. in potassium thiocyanate, 10—2
f. in 8-hydroxyquinoline. ,

Step 3. Adjust the pH to ~ 2.0 with potassium hydroxide.

Step L., Extract several.times with methyl isobutyl ketone
pre—equilibrated with a solution 1 f. in KSCN and at pH 2.0.

Step 5. Combine methyl isobutyl'ketone layers; wash repeated-
ly with 1 f. KSCN to reduce contamlnation of Mn52.

Steg 6. The solvent can be removed by careful evaporation and
the residue taken up 1in dilute acid. '

Remarks: Mn52 can be isolated from the aqueous phase remaining

48

after extraction of V- 1n ~ 95% yleld.

PROCEDURE 9

Source: Batzel.(From W. W. Melnke, AECD 2738, 30 Aug.'49, p. 29)

Target Materlal: Copper foil Time.for Separation: Approx.
(~1 gm) ' 2 hrs.
Type of bombardment: 184%-inch Equipment fequifed: Standard

eyclotron (all particles)
Yleld: Falr: Undetermined _
Degree of Purification: Undetermined (only probable impurities

are Cr and P)

64



PROCEDURE 9 (Continued)

Procedure

Step 1. Dissolve the target in a minimum amount of concen-
trated.HNOB; add carriers Zn through Cl, boll qff HNOB, and make
1 N in HCI.

Steg:Q. Add HES’ centrifuge off the COpper. Wash copper with
1 N HC1l and resaturate wilth HQS. Add wash to supernate.

Step 3; Boil down té 6 ml to remove st, add concentrated

HNO, and boll down almost to dryness, and make volume to 5 ml wilth

3 .
concentrated HNOB; cautiously add KClO3 and boil for one minute.

Step 4. Centrifuge off the MnO,. Wash MnO, with 6 N HNO,
and add wash to the supernate.

Step 5. Boll down to femove HNO3 and HCl, and make 1 N in
HNOB. Cool to 5-10°C and add an equal volume of dilethyl ether.

Add 5 drops of 30% H202 and immediately stir vligorously to extract
chromlum. Draw off the ether léyer, and wagh water layer.with one~-
half volume of ether, stilrring vigorously to extract any chromium
left. Draw off the ether layer and add to the origlnal ether layer.

Step 6. Almost neutralize the water iayer with NaOH and pour
into 10 ml of a hot solution of 1 N NaOH. . (A small amount of pettt
must be present.) Centrifuge off hydroxldes of Ni, Co, Fe, T1, Se,
and Ca. Wash the preclpltate with 4 ml of hot 1 N NaOH. Add wash
‘to supernate. -

Step 7. Scavenge by adding one drop of re™ carrier (10
mg/ml) and 500 A 01 (10 mg/ml) to the hot solution. OCentrifuge
and wash the precipitate with 4_m1 of hot 1 N NaOH. '

Step 8. Boil down to 6 ml. Make slightly acld with acetic
acid and add 5 ml of 10% Pb(Ac)g.. Centrifuge off Pb(VO'3)2, and
wash with slightly aqidic, dillute Pb(Ac)E. Ada wash to supernate

(coﬂtaining'Zn++).
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PROCEDURE 9 (Continued)

Step 9. Make 2 N with HNOB, precipitate Pb as the sulfide by

adding Hes. Centrifuge and wash the precipltate with 2 N HNO

5
Add wash to supernate. Boll to remove st.
Step 10. Neutralize wlth NaOH, make slightly acid wlth HAc

and repreclpltate vanadium as lead vanadate. Welgh.
‘Remarks:

Reference: Scotts Standard Methods of Chemical Analysis, p. 1036.

PROCEDURE 10 -
Source: Haymond, Maxwell, Garrison and Hamilton (UCRL-473)

Target material: . Titanlum Time for Separation: U4-5 hrs.
(ca. 1 gm) ' :
Equipment requlred: Standard
Type of bombardment: 60" D, .
: ' Yield: B80-95%
Degree of purification: At least

factor of 103.

Advantages: Carrler free. Sultable for use 1n biological systems

| Procedure
Step 1. Dissolve the Ti powder target materlial in & minimum
volume of 36 N H,S0), and evapofate to dryﬁess.
Step 2. 4dd 5.0 gm of Na2003 and 0.1 gm NaNO3 and fﬁse the
mixture aﬁ 500°C for 30 mlnutes.

" Step 3. Extract ﬁhe'carrier.free vanadium (presumably as
vanadate) from'thé I1nsoluble titanlum oxlide by repeated Washings
wilth cold water.

To remove any Ca or Sc activities which may have extracted
with the V: '
Step 4. Acidify the solution with HC1l, add 10 mg of Ca and

Sc;_and ppt from 1 M Na2503.



PROCEDURE 10 (Continued)

Step 5. Neutralize the solution contalning V with 12 N Hci
and evaporate to dryness. '

Step 6. Separate the V activity from most of the NaCl by
extraction with approximately 5 ml of 12 N HCI. '

Step 7. Evaporate the HC1 solution to dryness and dilute
with water to gilve an isotonic saline solutlon of V which can be

used 1n'bioldgica1 studies.

' Remarks:
The target consisted of C.P. metal powder supported on a
copper target plate 0.25 mil Ta foil. The target was "cooled"

for 24 hours after bombardment.

PROCEDURE 11

Source: R. I. Walter (J. Inorg.
Nucl. Chem., 6, 63 (1958)
Target materlal: Titanium Time for Separatlon: ~2-3 hrs.
' Type of bombardment: Deuterdn Equipment required: Standard,
48,49 plus lon-exchange column
Yield: ~80% v ~* _ and apparatus in Fig. I.
Degree of purification: Excellent:

Advantages: Carriler-free VA8’49

Procedure
Step 1. Titanium foll target placed folded into V-shape to fit
into furnace (see Figure 13). Sweep system with helium. Heat to 400°C.
| Step 2. Cool trap I wilth 1ce, trap IT with dry 1ce. Pass through
chlorine gas until target completely converted to TiClu. Cool furnace.
Step 3. Warm trap IT to room temperature. Sweep system with

helium.
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PROCEDURE 11 {Continued)

u\ /

Figure 135. Apparatus for the preparatlion and distillation
of TiClu, and for the separation of diasolved vanadium from the
distillate. Hellum or hydrogen gas 1s admitted through the stop-
cock, bubbler B, and drying tower D. Vycor furnace tube F 18
connected through a graded seal S fo the Pyrex trap system.

Traps T-I and T-II are made from 6 mm right-angle vacuum stop-
cocks. The U-tube 18 fllled wlth glass wool, and connected tq

a drying tube. All horlzontal connectlons beyond S shoﬁld

slope downward to facllitateé dralnage of TiClu. Copper paddle P
18 mounted as shown on a 24 /40 joint which can replace the stop-

cock plug of elther trap, and simultaneously seals the inlet to 1%.

Step 4. Close inlet to trap I. Distill TiClu into trap II.

Step 5. Prepare'copper paddle (P) by heating to dull redness,
immersing in methanol and drying. Insert into trap II in place of
stopcock. “

Step 6. Reflux TiCly for ~ 30 minutes. Cool; rinse paddle

in CCl,. Immerse in 1 M HCl.



PROCEDURE 11 (Continued)

Step 7. Saturate 1 M HCl1l solution with HES’ filter, wash and
evaporate filtrate just to dryness.

Step 8.  Dissolve dry residue in 0.1 M oxallc acld. - Saturate
with 802 gas.

Step 9. Charge solution to 1 x 15 cm lon-exchange column ﬁith
Dowex-1. Follpw wlth second column of Dowex-1 0.5 x 5 em. Elute
with 0.1 M oxallc acld. Destroy oxalilc acld 1n product solution

with H202.

Note: Molpture should be excluded from the system as far as possible,

gince VClu 18 decomposed by water.
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