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Foreword

The Subcomknittee on. Radiochemistry is one of a number of subcommittees wbrking under the
Committee on Nuclear Science within the National Academy of Sciences—National Research
Council. Its members represent government industrial, and university Iaboratorles in the areas
of nuclear chemistry and analytical chemistry.

The Subcommittee has concerned itself with those areas of nuclear science whlch involve
the chemist, such as the collection and distribution of' radiochemical procedures, the
radiochemical purity of reagents, the place of radiochemistry in college and university
programs, and radiochemistry in environmental science.

" This series of monographs has grown out of the need for compilations of radiochemical
information, procedures, and techniques. The Subcommittee has endeavored to present a series
that will be of maximum use to the working scientist. Each'monograph presents pertinent
information required for radiochemical work W|th an individual element or with a specialized
technique,

Experts in the particular radiochemical technique have written the monographs The
Atomic Energy Commission has sponsored the printing of the series.

The Subcommittee is confident these publications will be useful not onIy to radiochemists
but also to research workers in other fields such as physics, biochemistry, ar medicine who wish
to use radiochemical techniques to solve specific problems.

Gregory R. Choppin, Chairman
Subcommittee on Radiochemistry
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ill. Isotopes of Titanium

Table I (see page L) is a list of the isotopes of titanium.

IV. The Inorganic Chemistry of Titanium
A, General Chenistry

Excellent and current reviews of the general chemistry of titanium are
listed in the "General Reviews" section. Although titanium is one of the most
abundant and ubiguitous elements; it has traditionally been treated as a rare>ele—
ment because of the difficulty of reducing the ores. It has been found in almost
all crystalline rocks, sands, and soils, as well as in vegatation, natural waters,
nmeteorites, stars, and deep sea dredgings(B). Titanium is estimated to constitute
0.6 percent of the lithosphere, making it the ninth most sbundant element and the
fourth most plentiful structural metal(h). Ferrotitenium, titanium dioxide and
titanium tetrachloride have been widely used for many years, but the metal has

been produced on a commercial scale only since l9h8(3’5). Table II shows some

properties of titanium of interest to the chemist,



TABIE I
Table of Isotopes of Titanium (2)% .

Atomic Mass ' o ' ' Thermal
Natural Half Mode Energy of Neutron
Isotope -  Abundance, % (C12 Scale) Iife of Decay Radistion, MeV g, barns
ek  h0.98kL .090s B
e 41,973 .258 (8" & E.C.) 6.0 *
7y 42.9707 0.56-0.58s B 8 5.8
Ll o yy 0.068 ( 90%)
T1 l|-3.9623)-I- )-I-6-)+8}'T E.C. 'Y; 0.078 ( 98%)
11 L4k, 960998 3.05-3,10n * g, E.C. gt 1.0k
744 7.95-7.99 45955887 | 0.60
75" 7.75-7.32 46.955073 LT
74*8 73.45-73.99  L7.951517 ' o 8.0
Tihg 5.51-5.46 48,9512 ' - 1.9
717° 5.5k4-5.25 49.9kB569 - - 0.1k
717t 50.95026 5.79-5.80m B 8 2.1k
' . y 0.320 ( 95%)
0.605 (1.5%)
0.928 ( 15%)

*A11 data fram reference (2) except Titanium 42
dete from reference (14h).
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FIGURE I

Chart of the Nuclides in the Titanium Region.Reference 1.
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NOTES: This chart msy be obtained from Battelle Nortawest Laboratories, Richland, Washington 99352,

The General Electric Chart of the Nuclides (to December 1968) is available from Educational
Relations, The Ceneral Electric Company, Schenectady, New York. ,

The Karlsruhe Chart (1968) maey be obtained from Gersbach and Sohn Verlag, Munchen 3k,
Barer Strasse 32, Germany. '




FIGURE II

Decay Schemes of Titanlum Redioigotopes (2)
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FIGURE IT (Continued)
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TABLE II

Properties of Titanium

Reference

Denaity 454 g/ec 3
Melting Point 1668°c 3.
Boiling Point 3260°C 3
Electron Gound State [Ar] 382 Us? L
Oxldation States 4+ Most stable 4
3+ Steble in water; oxid by air bl

2+ 0xid by elir/water; useful in fused salts L

0 Metal or Ti(dipy); only 4

-1 Ti(dipy); only L

Ionic Radius : 0.68 2 6
Covalent Radius 1.32 & 6

Ionization Potential

lst . 6.83 e.v. 6 .

2nd 13.57 e.v. 6

3rd 28.14 e.v. 6

Iith 48.24 e.v. 7

Oxidation Potentials: -

T = Ti2* + 2 ™ E® < ca. 1.63 V.

™° + H)0 = 102" + 2B* + L e” E® = ca. 0.88 V.

T° + 2 H,0 = T1i0, » XH,0 .+ LE* + L &~ E® = 1.69 V.

™° + 6 F - TiFg2” + Le” E° = 1,19 V.

Ti2% = 713t 4+ e EC = ca. 0.37 V.
- ®3% 4+ B0 =-T102* + 2B _ E® = ca. -0.1 V.

1. TITANTIUM METAL ARD ALLOYS .
Most commercial production of titanium is based upaon formation of the volatile

tetrachloride by chlorination of the ore and subsequent reduction of the vé,por with



(3)

molten magnesium'~’, The reduction of titanium tetrachloride by sodium is used
to a lesser extent. High purity titanium has been produced by the iodide refine-
ment process of van Arkel and BeBoer for many years on a laboratory scale(8). A
recent development in refining titanium is the electrolysis of titanium(II) or
titanium{III) salts in a fused alkali helide solution., Table III shows the rela-
tive purity of titanium metal as produced or refined by these processes. Further
purification of iodide metal as indicated by lower stress values has been

(9).

reported Typical alloying constituents for industrial titanium are 4-8%

aluninym together with lesser percentages of vanadium, zirconium, molybdenum,

and/or chromium.

As 8 first approximation, titanium metal is very similar to zirconium or
stainless steel in appearance and in physical and chemical properties. At room
temperature, massive titanium is resistant to all common gsses, salts, alkalies,
mineral acids (except HF)} and most liquid metalsglo). Hydrofluoric acid and
fluorboric acids react vigorously with titanium metal, even when hot nitric acid
forms an oxide film on titanium and fails to dissolve the metsl. Refluxing with
1:1 HCZ in the sbsence of air will dissolve chips of titanium in 8 to 10 hours
forming a purple titanium(III) solution, but in the presence of air some dioxide
precipitates, Similar treatment with dilute sulfuric acid dissolves scme of the
metal but also forms & blue-gray biilky precipitate which covers and protects the
remaining metal,

At elevated temperature, titanium will burn in many gases, Reaction takes

(12)

place at 150°C in fluorine s 350°C in chlorine, 360°C in bromine, 400°C in

jiodine, 610°C in oxygen, 800°C in nitrogen, 700 to 800°C in steam and 1200°C in
air(l3). Heating in an open flame causes a blue film to form on the surface of

a plece of metal. Techniques for dissolution of titanium metal and alloys are

given later.

2. OXIDES OF TITANIUM

There are three well-defined oxides of titanium, TiO, Ti,03, and TiOp,
(1k)

which correspond to the positive oxidation states of titanium . The first



Typical Analyses of Titanium Mei&

TABLE IIT

Mg Reduced Iodide .

Commercial Refined Electrolytic

zercent( 3) -Percent( 3) Percent( 11)
Iron 0.2=0.03 0.025-0.0035 <0,.005
Chroml um <0,005
Magnesium © 0.12-0,0k4 a,002-0,0015 - 0,002
Sodium
Silicon <0,01 <0.03 0.01
Mangenese 0.06-0.03 0.013-0.005 0.03
Copper <0.03 0.002-0.0015 <0,006
Aluminum <0.005 0,05-0.013 <0,04
Ritrogen 0.05-0.01 0.004-0.001 0.002
Hydrogen l 0.008
Oxygen 0.15-0.005 0.01-0.005 0.002-0,025
Carban 0.03-0.01 . 0.03-0,01 0.08
Vanadium <0.005
Chlorine 0.10
Molybdenum 0.0015
Nickel 0.003
Tin <0,01

<0.03

two are readily subject to oxidatiah to the extremely steble dioxide. 'Titaniu:'n(Ii)
reduces water but titenium(III) end titanium(E®V) are readiiy precipitated as
hydrous oxides from aqueous solutians. The purpbe titanium(III) hydrous oxide
precipitated by base fram water is a very strang reducing agent. _Tita.nlitm(If)
hydrous oxide is stable and may be ignited to the dioxide. Frethy_precipit;téd

hydrous dioxide cen be dissolved in stroong acid or alkali but the product of

10



aging, ignition, or precipitation fram hot solutions requires hot ‘cancentrated
sulfuric acid, preferably ccﬁta.ining amonium sulfate, or alkali fusion, to effect
speedy soluticn(G). .

Beveral solid pero:qtitaﬁim(lv) compounds of somewhat uncertain ccm.lpoait:lon.
and structure are .orten' included in the group of "titanium oxides‘f(;l'S).
Peroﬂtite:;imn(IV) speclies are of great importence to the solution chemlstry of
titanium. Their color is the basis for the cm spectrophotametric method

_of enalysis, they are used to prevent hydrolysis, and can serve as a "holdback"
(16)

(17)

to prevent precipitation In the presence of peroxide, titanium(IV) can be

dissolved 1n stromg alkali , but reprecipitates upon decamposition of the

peroxide.

3. OXIDATION STATES OF TITANIUM

As can be deduced fram Teble II, the rediochemist is likely to be concerned
only with titanium metal and with titemium(IV) compowids. Oxidation potentials -
alone do mot reflect the titanium redox plcture completely for several reascms.
Titanium(IV) and, tc a lésser extent, titenium(III) require several molar acid
or, alternatively, complex-forming reagents to prevent hydrolysis. As a result,
the exact specles or the ionic strength i-s_ in sufficient doubt to cause sisniﬁ-.
cant pci_;sibility for error in the measured potentiels.

Anhydrous titanium(II) may be purchas;d a8 the hydride, halide or oxlde

(1)‘). These cﬁn:potmds react with water

and netho& for analysis have been devised
to form hydrogen and titanium(III). Aqueous titenium(III) soluticns must be pro-
tected fra-n alr or even mild oﬁdizing sgents. THtanium(III) selts end soluticns
of the 'chibr:lde_ can be obtalned cammercially. Titemium(III) sitlfate in acid
golutian slowly produces noticesble emounts of stla.'nd titanium(III) is one of

(18) « The comﬁn

the very few lone known to reduce perchlorate in agueous solutiom
volumetric analysis for titanium is based upon the reduction of acidic titeniuwm(IV)
solutions by cadmium or zinc emalgam, or by alumlnum metal, followed by titration

' (1%)

of the resulting titenium(III) with & standard oxidizing agent . *Since

titenium, unlike iron, 1s not reduced by a silver-silver chloride reductor.

11



titanium and iron can be . co~determinated by redox methods(lg). Solutions of

titenium(III) are used to some extent as reducing agents both in mnalysis and in
kinetic studies. References to the preparation and uses of such solutions are

given in the Meites "Handbook of Analyticsal Chemis‘bry(zo).

L4, SOLUTION CHEMISTRY OF TITANIUM(IV)
A, Simple Aqueous Solutions
Extreme susceptibility to hydrolysis requires that soiutions of
titanium(IV) salts in non-complexing media be maintained at high acidity with
low titanium concentration. The ionic species of titanium(IV) in such aqueous
solutions has long been designated as ‘I?:'LO2+ because evidence for either a

(T ne

hydrated tetrapositive ion or hydrolytic polymers has been lacking
predominate truly hydrolytic species in nitric and perchloric acid solutions
has been the subject of considerable study(21’26).

Liberti, Chiantella and Corgliano(26), the most recent suthors, have studied the

partition of titanium(IV) between agueous solution and 8-hydroxyquinoline in chloroform

and TTA in bengene. They propose the following species and equilibrium constants:

*k = [Ti(oH),2*] [#*] / [Tiom3*] K = 1,80
K = [Ti(oH)s*] [w%]2 / [Tiou3*] pK = 4,20
K = [7Ti(oH)y] [EY]3 / [Tiou3*] pK = 6.3

Théiirdata indicate the following formulation of the solubility product,

Ksp = [Tion3"] [om™]3 DK = 39.L
Nabivanets(22) reported the following solubility products.

Ksp = [Ti0o2*] [on™]2 pK = 29

Ksp = [Tio(oH)*] [oH™] K = 16.5

Nabivanets' sets of values do not disagree greatly with the constants for simi-

lar expressions derived from Liberti's results. The appzrént disagreement con-

*To avoid possibility of ambiguity read "K =" as "the equilibrium constant

expression defined as ... "

12



cerns vhich species exist in'ﬁoderately acid solutions. These results stress
further the practical necessity .of using approrl.ina.te:ly ane molar soluticns of
pitric -or perchloric acld to prefent hydrolytic precipitation in solutions of

- titanium at room tein;}eria.ture. Abouf. 5 M acid concentration is required to pre-
vent precipitaticn in a_uch solutions upon bolling.

Polarographic reversibility end changes in half-wave potential, as well
as- chenges in hydrolysis characteristics, indicate that weak complexes are
formed by ti'tani‘lm(IV).' in hydrochloric, sulfuric, and phosphoric acid solutims(27) .

Such complexes retard hydrolysis scmewhst, but it is advisable to use the above
acldities as & gulde for the preparatian of stable carrier solutioms in most
aclds.

. "Aging" effects of titenlum solutions were studied by Babko(al). His results
confirmed the previous iﬁdicatima(as) that, unlike zircopium, titenium(IV) does
not form short-chain pély'meric species by hydrolysis. All "aging" effects, such
‘as slow im-_exchaﬁse adsorption and a slow color reacticn with hydrogen peroxide,
were found to éoinci‘.d'e wvith the Tyndall effect indicating colloidal aggregations.

B. Hydrochloric Acid Solutions

In electromigration studies of hydrochloric acid soluticms of

(22)

titanium(IV) Nebivanets hes found that a dispositive species predominates

from pH 1.3 to 4 M HC1, a neutral species (TiOCl,) predominates from LM to 10M,
and an enionic predominates in greater them 10M HC1l. The latter finding confirms
the results of lon exchange studies by Kra._us(za).
C. Sulfuric Acid Soluticns

Se:vera.l indications are avallable that sulfuric acld solutians of

titanium(IV) contain sulfate and/or bisulfate complexes, and that these complexes

are stronger than the chloride species. N'abivanets(22) obtained the following
equilibriuwm canstants.
K1 = [?1027] [S0,2"] / [Ti0S04], K = 2.40 at 18°C
K, = [Ti080,] (80,271 / [T10(804),%7] K = 1.20 at 18°C

13



The work of Beukenkamp and Herrington(23)

s, on the other hand, was interpreted to
indicate bisulfate complexation in sulfuric acid solutions and the following

constants were derived.

Ki = [Ti(0oH),2"] / [Ti(oH)s"] [K*] Ky = 2.0
K, = [Ti(0H)j3 HSO,] / [Ti(0H)s"] [HSO,™] Kp = 11 to 12
K3 = [Ti(OH), HSO4*] / [Ti(0H)»2%] [HSO4™] K3 = 0.6k

There is general agreement that a neutral complex predominates at a sulfuric
acid concentration of about 0.5 molar, but in more acidic solutions a neutral

species is indicated by Beukemkamp and a negative species hy Nabivanets,

5. INORGANIC SALTS
A. Soluble Compounds
As discussed in the previous section, there are i‘ea.lly no water-soluble
simple salts of titanium, Titanium(III)}, much like iron(III), must be maintained
at low pH, é.nd titanium(IV) solutions require an acid concentration of several
molar to prevent hydrolytic "aging”" or precipitation. On the other hand, most

simple salts, other than ignited dioxide, are readily soluble in acid solution,

or in the presence of a complexing agent such as citrate or tartrate., Solu-

bilities recorded for some commercially available complex salts at room

temperature are: NapTiFg - 65 g/8, (NH,),TiFg - 250 g/, and K,TiFg - 12 g/2(29).

(29)

However Ginsberg reported hydrolysis difficulties in conjunction with these

studies, Almost any titanium compound or mineral can be dissolved in either
hydrofluoric-sulfuric acid mixtures or by fusion in ammonium or potassium
bisulfate.
B, Insoluble Compounds
From the standpoint of guantitative or semiquantitative precipitation,

the most commonly utilized insoluble inorganic compound of titanium is the

(17) (30)’

hydrated dioxide. Other precipitants include the acid phosphate , arsenate

ferrocyanide(s’lh), :t‘erricya.nide(lh), and potassium iodate(s). The hydrous oxide
tends to be very gelatinous and to occlude other substances, so a good deal of

effort has gone into the development of methods for producing a more crystalline

14



and pure product. Alkali hydroxide causes non-quantitative precipitation due to
amphoterism (in very strong base) or the formation of colloidal suspensions.
The addition of iron(III), zirconium, or other carrying asent is helpful.

Procedures for carefully adjusting the pH have been described using ammonia(lﬂ,
(31) (16,17) (16,17) (14,16,32)

s acetic acid s

(1)

, and benzoic acid . Precipi~-

pyridine s barium carbonate

(31)

s, thiosulfate
(5,33)

hexamethy lamine , guanidine carbonate
tation by beiling in acid soclution is an effective preliminary separation from
many elements and is a classical method for separation from aluminum, chromium,
etc.(r{). Zirconium, phosphate, and complexing reagents interfere.

Under most of the conditions above, a fairly gelatinous hydrous oxide or
basic salt is formed. It is probably safe, therefore, to assume that titanium(IV)

would serve as a carrier for most other transition metal ions and vice versa.

The most similar reagent to titanium(IV) under most circumstances is zirconium(IV).

(34)

Duval has reported on thermogravimetric studies of titanium dioxide
formed with various reagents. The following temperatures.are necessary for
ignition of these precipitates to stoichiometric TiO,: aqueous ammonia {350°),
guanidinium carbonate (550°C), tannin (600°C), selenite (880°C), peroxide and
oxalate (320°C), cupferron (643°C), 8-hydroxyquinoline (718°C), 5,T-dibromooxine
(L80°C). Several of the organic titanium compounds have & definite composition

\]

at a lover temperature and are discussed uUnder the topics “Chelates" or "Methods

of Determination.”

C. Volatile Titenium Compounds
The volatile tetrachloride of titanium has traditionally found appli-

cation as a purification method for titanium and has been used in radiochemical

(35)

separation of titanium from other transition metals The tetrachloride is

prepared commercially by chlorination of titanium ores.. On a laboratory scale

it mey be prepared by heating TiO, with carbon black, and then reacting with
(36,37)

chlorine at 550°C or above Other methods involve heating TiO, with

CCly, CHCl3, phosgene, or CO and 012(38). The tetrachloride is a light yellow

liguid, with a melting point of -30°C, a boiling point of 136.4°C, and a demsity
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of 1.726. Chlorides with lower boiling polnts include: 8SiCl, (57°C),
Sncl, (113°C), AsCls (122°C), GeCl, (84°C). Volatile chlorlides with higher
boiling points include VCl, (16L4°C), NbCls (243°C), TaCls (234°C), FeCly (319°C).

Copper wool ma.y be added before distillation to react with vanadium,

6. COMPLEXES OF TITANIUM
Consideration in this section ia.'giv'en aly to titenium{IV) complexes which
are formed in, or extracteble from, aqueous media. For ane who wishes to study
alr-oxidizable titanium(III) complexes, and the ert.reme_ly hydrolysis—sensitive
titanium(IV) complexes, starting sources may be found in reviews and articles

by Jorgensen(39) (40) 1,‘(hl,l&2)_.

s Shilhara , and Rives Most of the known constents
are given in the Chemical Society's Speciel Publication #17(39).

Campléxea of both titenium(III) end (IV) a.re substitution lebile and their
chemistry is free from the disadventeges, eand occesional advantages, associated
wvith inert complexes such as those of chramium(III) end cob'a.lt(III)(lm).

Because titanium(Iv) hes not been found as a simple hexeaquo-ion, it may be
considered to alvays exist in aqueous solution as oxo-, hydroxo-, or other come
plexed species. Titanium(IV) exhibits a strong "preference" for oxygen as &
donor atam with fluoride as the anly monodentate challenger. Most. strong
chelating ligands for titanium heve at least cne oxygen donor Atom, but nitrogen
or sulfur cen form the secand bond without losing effectiveness.

A. Monodentate Ligands

gxdrggen Peroxide

The yellow to orange colo:;.' formed by titanium solutiams upcxi addition of
hyd.i'ogen peroxide is the most common means of detecticn and determinatian of
titenium, This complex is not stirong emough to forestaell hydrolysis so quenti-
tetive interpretetion of the results is difficult. | ‘Fram coﬁsiderable solid and

solution studies, Patel and Jere(hs)

concluded that the peroxide anion usually
acts as a bldentate 1i gand. Unin.hibited'by the facts, we have chosen to
follow the conventional wisdom by including this discussion with simple

camplexes rather than chelates.
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Patel and Jere(hsyhave studied the titanium(IV)-peroxide system in perchloric
and sulfuric acid solutions, and also in the presence of chelsating ligands. The
summary of their results below shows the dependence of the titanium(IV)-peroxide

equilibrium upon other coordinated groups.

K = [Ti0xX] [#50,] / [TiX0,]

X = oxalate, pK = 6.10
X = maleste, PK = 4,72
X = malonate, pK = 4,55
X = sulfate, K = 4,19 (in 0.75 M HpS04)
Without committing himself as to the exact species involved, Babko( 46) cals

culated the following equilibrium constant for the ions in which the Ti(IV):peroxide
ratio is 1l:1.
K = [Ti(IV)] [H,0,] / {Ti(IV)H,0,] pK = 3.05 (in HC1)

{47)

Mori and co~workers studied the titanium{IV)-hydrogen peroxide system in

agueous sulfuric acid and concluded that the species below were appropriate.

pH O to 2 [Ti(0H),(H,0) (Hp0,)12% or [Tioz]i;
pH 3 to 6 [Ti(0H)3(H,0,)1*
BH T %0 9 [Ti(0R)3(HO2)] ' or [Ti(0H),0,1

pH 10 to 13 [Ti(0H)2(02)21%

Fluoride
The fluoride complexes of titenium(III) and (IV) are widely utilized in
preventing hydrolysis and in the dissolution of titanium containing metals and

(48)

minerals. Kleiner studied the aqueous system Ti(IV) - Hy0p ~ F~  and

calculated the following constant for a 0.1 M nitric acid medium,.

K = [1102%1{F"] / [Ti0F'] = 3.6 x 1077 pK = 6.4k

Since K,TiFg can be prepared from acidic agueous solution, it is reasonsble to

(k)

assume that negative fluoride complexes are formed in solution. Cotton
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states that TiOqu" is the predominate species in HF solutions and that ‘I‘iOF",

TiOF, and TiOF3 also exist.

Thiocyanate
The thiocyanate complex of titanium(IV) has been investigated by spectro-

(24,25) who calculated the folldwing

photometry and extraction by Delefosse
equilibrium constant for the complex in 1M perchloric acid.

K

[Ti(oH)(scN)2*] / [TioH3*] [SCN™] pK = -1.7

She found the higher camplexes to be extremely sensitive to hydrolysis. A
titeniwm(IV) thiocysnate complex which is somewhat stable in acetone has been
used to extract titanium from aqueous solution and to determine titanium(IV)

spectrophotometricallar( 49) .

Monodentate Organic Ligands

Color changes sand changes in solubility indicéte complex formation between
titenium(IV) and a number of orgsnic compounds which are presumed to serve as
monodentate ligands, Suéh compounds have only one functional group or else

have multiple functional groups so located that steric considerations render
(50)

their serving as chelates improbable, Welcher lists those used for

(51)

includes several in his review

(52)

titanium analysis up to sbout 1946, Sommer
of colorimetric reagents for titenium(IV). Caulfield and Robinson studied
the color 'forming reactions of titanium(IV) with 27 phenols, many of which must

serve as monodentate ligands. The brief listing below is intended to give a

feeling for the variety of such reagents known.

TABLE IV

Some Monodentate Color Resgents for Titanium(IV)

o-phenylphenol l-, or 2-napthol
hydroguinone o-amincbenzoic acid
thymol quinoline

o-(?), m-, & p-aminophenol resorcinol
p-hydroxybenzoic acid p-chlorophenol
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B, Chelate Cmpiexes

The general rule that chelates are more stable. then enalogous mono-
dentate camplexes is followed by titenium(IV). This added stability 1is
excepticnally pertinent for titenium beéause sﬁ few monodentate ligands prewent
hydrolysis in neutral to basic solution, and few form enionic species.
Analytical chemists have long 1nvestiga.£ed titanium chelates for gravimetrie,
colorimetric, md electrochemlcal detection and determinatiom of the element.
In general, greater stabllity is found with chelating reesgents having oxygen
donor atoms separated by two or three carbon atoms such thet a 5 or 6 membered
ring may be formed iln complex formation. The second oxygen may often be'
replaced by & nitrogen or sulfur atom without greatly diminishing the
stebllity. Soame such reagents are quite sensitive for titanium(IV) but nome
scem to have a high degree of selectivity.

Citrate, oxalate, tartrate, sa:licyla.te; lactete, ascorbate, and ethylene-
dlaminetetraacetate are examples of readily availeble materiels which are used
to prevent hydro]ysia, to prevent precipltation or to promote polarogrephic
reversibility. Unllke mamy transition metels, Titanlum(IV) does mot tend to
cambie well with beta~diketones 73,

Cupferron, 8-hydroxyquinoline and its derivatives, and tennin are among
the chelating reagents canhcmly utllized for gravimetric deteminatiqn of
titanium, A very large number of other organic preclpitents are known whiéh
probebly chelste with titanium(IV) but which have not been as widely studied.

The unend:_Lng search for spectroéhotomtric Irea.gents with e high degree
of sensitivitj and selectivity has led to the study of a very large number of
chela.jte-forming. reagents which develop a color or change color in the presenée
of titenium(IV). Tiron (disodium 1,2~dihydroxybenzene-3, S5-sulfcnate) and
chianotrbpic acid (1,8-dihydroxynephthalene-3, 6-disulfonic acid) are common
exn.mﬁles of the o-diphenol and peri-diphenol classes of colorimetric reagent
for titanium. Both of these reasgents contaln sulfanic acid groups to increase.
solubility, and both are capﬁble of chelate complex formation with titenium(IV)

in acidlc solutiom. The latter characteristic decreases the number of inter-

‘19



fering cations. The stebility and sensitivity of the color-formlng complexing

reagents generally follows the order.peri-diphenols, > o-diphenols,
(53)

In Sommer's survey paper(ii)

> o-phenolcarboxylic acids, > o-dlenols
and Welcher's(so) treatise cne may find 75 to 100 color-forming chelate

' reagents.

Oxalate

The oxalate complexes of titanium(IV) may be used to prevent hydrolytic

(54)

precipitation at pH'a greater than 5.0 This allows the separation of

aluminum from titenium by 8-hydroxygquineline, and aids in the separatiom of

titenium from nicbium and tantalum'®?)., The electrochemical reversibility of

the titenium(III)-(IV) couple is improved in oxelate conteining solutions(56).

(57

Pecsak showed polarogrephically that the. monopxaelato complexes of titanium(III)

and titanium(IV) were of similar stability.

(54)

Bebko used spectrophotometry and electramigration to study the

_titanium(IV) oxalate complexes and calculated the constants below.

K; E [T102*%] [C204,27] / [T10C,04]) PK 6.60

K2

[Ti0C204] [czo..z*] / [T10(C504),27] 7K 3.30

A general review of the metal oxalato camplexes has been written by Krishnemurty

and Ha.rris(sa) .

Eg. lenediaminetetraacetic acid _

Ethylenediaminetetraacetic acld is usually referred to as EDTA, but ane also
finds 1its so&iuﬁ salts designated as Yersine or complexme[IIi]. The most uéeful
property of the titanium(IV) - EDTA eystem is that the complex formed is not &s
strong a.s that of most transiticn metals. This property sllows other metals to
be "held back" while titanium is precipitated or extracted. For example, many
metals will not precipitate fram ammoniacal sclution in the presence of EDTA,
but titanium(IV) will. This effect is also used in the determination of
t:ltan.ﬂm with cupferran. EDTA is used to prevent the coprecipitaticn of most

other metal cuprerrates(sg).
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Cupferron

Cupferron, the amnonium selt of nitrosophenylhydroxylemine, is perhaps the |
most useful reagent in the seperation of titanium(IV) because few cupferrates
form in several molar mineral acid solution. Its use as a preclpltating
reagent is discussed in the pection on gravimetric detefminatims, end its use

in solvent extraction 1s discusased in that sectiom.

Chramotroplc Acid

Chromotropic acid (l,B-Gihyd.roxynaphthaJene-B.G-disul;‘?mic acid) is one

of the more 'ca.refull& studied .colori'metric reagents and has been used for the
determination of titanium since sbout 190060}, Because it is me of the better
reagents for determination of titanium(IV), and it is elso a representative
example of a large group of campounds, it will be discussed in some deteil.

The colored titanium(IV)-chromotropate complex is formed in solutioms which

are over T5% in sulfuric acid., The interference of a large number of metal ions
is eliminated at this ad.dity(sl). Spectrophotametry indicates the existence |
of complexes with 1:1, 1:2. and 1:3 metal to ligand ratics. However, because
several formulas may be used to represent the met.a.i central ion and the chramo-
_ tropic acid may lose up to four of its hydrogen ioms, the unambiguous interpre-
tation of the species involved is :meoss:l.blé at present. Electrophoresis
indicates that positive specles such as TiRH33+ and/or T:_LORHg+ pi'edminshe in
solutions more acidic then pH 0.1 and that negative species pred.omina.te :I.f the

pH is greater them O. h(62)

The colbrinet:ric determinetion wes stated to be most selective at pH 2
where a camplex having a titanium to ligsnd ratio of 1:2 predominates. If
several of the common interfering ioms are previoasly reduced with ascorbile

acid, nioblum conetitutes the only serious metal ion interference according to

(62)

Sammer Methods of determining titunium with chrcnotropic acid have been

(63,64) (65) (66)

published by Sammer s Stener , &nd by 8earni

21



Ortho~Diphenols
Catechol, Tiran, protocatechuic acid, and 2,3-dihydroxynaphthalene-6-

sulfonic acid represent the o-diphenol class of colorimetric reagents for

)(67.68)_

titanium(IV Catechol is more properly named ss 1,2-dihydroxybenzene.

Since it has two potentially di'.’.pla;ceable hydrogen atame, 1t may be canveniently
represented ss FHj. Tron is the dlsodlum salt of 1,2—dihyd:ozyb€nzene—3,5-
disulfonic acid and its perent acld may be represented as RH,. Protocetechulc:
acld is 3,U4-dihydroxybenzoic acid and may be represented as RHj. In spi‘t..e of
the rather great differences in substituents to the fundemental o-diphenmol
grouping, the caonstants m_cst characteristic of chelate bond formation nry

surprisingly Jittle(sg). The fact that charge differences dus to the icnizetian

(70)

of sulfanic acid groups is significent was demongtrated by Bebko wvho found

the Ti(RH), type of complex to be extractable into orgenic solvents for
1,8-dihydroxynaphthalene but not for its disulfonated derivative, chramotropic
acld, | '

In studies similar fo those discussed for chromotropic acid, Sammer can-

(67,66)

sidered this serles of ligands His electrophoresis studies show that

a negative species predaninetes at pH greater tham 1.5 end 1.7 for the catechol
and tiron camplexes end that in both systems positive species prédan:lna.te in
solutions more acidic then pH 1.1, He has also used catechol together with .

various queternary bases to extract Fe(III), Mo(VI), Wb(V), V(IV), U(v;) and

W(VI) into chloroform as a mesns of colorimetric anglytical deteminatim('rl).

T. PRINCIPAL METHODS OF DE']IERMEATION OF TITARIUM

Camprehensive collectlans of methods for the detei'mination of titanium in

(12) (73) (Th) ,

Codell , Kodama and

a range of materials are given by Classen

(1)

Scheffer In adiition, Bachman and Benks have written a criticel review

of the enalytical methods for thé titaMm, vanadimm end chromium groups(al).
These analyses lactude gravimet'ric, titrimetrle, spectrophotometric, electro-
chemical, end spectrogrephic methods, each with its areas of epplicebility.

Several of the more useful methods are given below.
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A. Gravimetric Methods

Hydrous Oxide

The most simple method for the determination of titanium(IV) is to pre-
cipitate and dry the hydrous oxide. Other metals which would be coprecipitated
end substances which would complex titanium must be absent. The use of an

gnmonium acetate-acetlc acld buffer system is recamended-(l'la).

The &iluted
neutral solution is bailed vigorously for 3 minutes, filtered, washed and
dried. The :léniticn requires a temperature of 350°C but temperatures up to

950°C are ‘acceptablel3*),

Cupferron
Since stable solutions of titemium, in the absence of complexing agents,

will usually be several molar in acld, cupferron msy often be edded directly as
a 6% agueous solution. The precipltate may be filtered and washed repeatedly
with 1:10 hydrochloric acid. 'I'ne_ uwsual anelytical procedure calls for adding
fresh cupferron sbluticn sla.rl& to a8 chilled titanlum solution which has been

(1%,74)

made sbout UN in sulfuric or hydrochloric acid The precipitate must

be ignited to Ti0; at over 656°C because the cupferrate formed cannct be dried
to a dependable can'positicmwh).

This simple method quentitatively precipitates not only Ti, but also Zr,
uf, \_I, Ko, Ta, Mo, W. Fe, P4, Ga, Sn, Sb, Bi, and Po., Elements partially
(15)

precipitated are Cu, Tl, Th, Pa, Ac and the rare earths 'I‘hé interference
of .iron mey be prevented by é.dding S0, The most specific gravimetric use of
cupferran seems to be the a.dditian. of Q 10 to 15 fold excess of EDTA prior to
precipitetion, followed by adjustment to a pH of 4.5 with smmonium acetate,
and then precipitatian with cupferron as above(59). This method prevents
interference by %r, V, Mo, W, Fe, 8n, 8b, Bi, As (III) or (V), borate, alkali

metals, and, presumably, some of the untested congeners of these elements.

Oxime or 8-Hydroxyquinoline

This reagent is commonly used for the gravimetric determinatiom of titaniwm(IV).

Welcher”s) gives the following procedure:

23



"To 150 ml. of solution containing 0.1 g. of titanium, a.dd 1g.
of tartaric acid and.0.5 g. of sodium acetate. Add ammonium hydroxide’
until the solutiom is. neutral fo phenolphthalein and then add 1.5 ml of
glacial acetic acid. Heat to 60°C, stir well, and add an excess of 2
percent alccholic 8-hydroxyquinoline re;ag'ent. Boll the mixture for 10
minutes, filter, wash vrlth.hot vater, and dry at 110°C. Weigh as
Ti0{CgHg(M ). The factor for titanium is 0,1361."
This simple procedure at pH 5-8 separates titanium fram Mg, A1, Fe, Cr, Th, Zn, V,
U, Mo, Nb, Ta, Zr, or Ef as well as the alkali metals and alkaline earths‘l'),
The more acidic end of the pE range gives better separation from other metals
Several workers have ia.ter indicated that the B-twdroa_qu_uinol‘lne' compound
cannot be dried to dependable composition, so the preclpitate is usually elther
ignited to the dloxide at sbout T700°C or determined by & bramide<bramate .
titrat:lon( 34) .
Higher mole-cule.r welght precipitates which can b_e. oven dried are given by

5,T~dichloro-8-hydroxyquinoline and 5.7-dibrcmo-8-hyd.ro:wquinoline(3”. The

method of Fresenius(.”) is to heat the titanium(IV) solution, which is 0.2 N
in acid, to 50°C. A ane to two percent solution of the reagent in acetone is

added 1n excess. The solution 1s heated to boi]_i._ng for five minutes and

filtered while hot. Aﬁér wvashing with 25 percent acetone cantaining 0.04 N
mineral acid, and then with hot water, the precipitate is dried to comstant weight

at 150°C.

Para~hydroxyphenylarscnic Acid

The use of the sodium salt of p-hydréxy'phenyla.rsmic acid to precipitate

titaniun wvas developed by Simpson and Chandlee(Te)
' y(12)

and has be_en. rated as the most
specific gravimetric reagent for titanium(IV The usual procedure i.s to
precipitate 20 to 100 mg of tifa.nium from 100 ml of solution which is 0.9 to
2.5 N in HC1 or HpS0,. One_ gram of NH,SCN is added to hold back iron(III), end
. sodium p-hpdroxyphenylarscnate (4 to 10 percent) is added. The mixture is

bolled 15 minutes, filtered, and washed with 0.25 M HCl containing 0.5 percent
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p—hytjrow;yphenylmmic acld and, :Lf.'i:._'m is ﬁmaent; 2 perct-ant ammonbum thiocyenate.
A finel wash vith 2 percent ammonium nitrete ylelds a precipitﬁe whichl is ignited
to TiO, because the original precipitaté does not have a dependable campesition

and cennot be dried to anhydrous titenium phenylmmate(sh). Cerium(IV),
_zirco'.nitm, théﬂum, tin(IV), end hydrogen peroxide intérfere. Zirconium may be
used as a nan~isotopic carrier, or it may be moﬁd by s preliminary precipitation
fram a 2.5 to 3.0 N HC1 solutiocn cantaining hydrogen peroxide. Several other
az;smic acids are also falrly specific for group IV teti‘av_alent cations, but

they are better suited for separatian of zircomium, tin, or thorium than titenium,

B. Titrimetric Determinatiane’
A very coomon method of titenium enalyeis depends on the sto:lc.hiumtriq
oxidation of titanium(III) to titemiwm(IV). A cadmium or zinc emalgam (Jones)
reductor or aluminum metal may be used to reduce acidic titenium(IV) contalning

soluticns. Because the resulting titenium(III) is rapidly air oxidized, the

reduced solution must be elther maintained in an inert atmosphere, or oxidized .
immediately upon formation. Standardized eeriug(IV). permanganate; dichromate,
1ron(IIT) and other .common oxidizing agents will qumtitqtiﬁly oxidize the
t1taniun(III). ' |

We have found it convenient to receive the titanium(III) directly into
aliquots: of.atanda.rdized cerlun(IV) sulfate solution. These solutions ere
eteble and the excess cerium(®V) can be titrated at leisure with iron(II)
emmonium sulfate solution to a ferroin (Iron(II)-(III) phenenthroline) enapoint;

receiving the titanium(III)} in iron(III) soluticm end then titrating the iron(II)
(72,74)

formed with pemaqéana.te hes also been recommended
Another convenient method of reducing titenium(®*V) is gliven by Schefi’gr(lh).
A solution contalning sulfuric an_d hydrochloric aclds to a total of 5 M is put
into am erlenmeyer flask, For T‘j. to 100 mg of titenium(IV), ane gram of alwminum
foll is added. A glass tube is run from the etopper of the flesk to a beaker of
safurated sodium bicarbaate solutian. In 't;h:ls wey air is excluded and, upon

cooling, the bicarbanate siphoms into the acid, furnishing & carban di oxd de
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atmosphere. After thé aluminum digsolves, the solution is bolled 3 to 5 minutes
and cooled. Two milliliters of 25% ammonium thiocyanate in water is added as

an indicator, and the titenium(III) is titrated with standard ipon(III) ammonium
a'.u'lfs't.e. soluticn., Metals which are reduced by aluminum and reoxidized by

irai(I'II) interfere. These include vinadium, nicbium, antimomy, and chromi um.,

C. Spectrophotometric Methods

v

Hydrogen Peroxide
' The yellow: color formed with hydrogen perbxide is the basis of the classical

method for determining titanium., A éolutim containing 0.1 to 5 mg of titanium
is made sbout 3 N in hydrochloric or su.'l.fur:lé acid and 0.3 to 0.45 percent in

" hydrogén peroxide. The sbsorbance at 420 mp is then campared with that of
stmd&d coi&.:l.cﬁs treated in a similar manper,

s'chefrei:( ll'_)

specifically recammends ms:'l'cn of paper, rubber, oxides, or
siliceous minerals with 8 g. of sodium carbamate in a platinum crucible. The
resulting cake ias dissolved in 4o ml, of water land T0 ml. of concentrated
iw&r'od:loﬂc acid. The product is evaporated to 75 ml., ﬁ.l‘t;.ered 1f necessary,
m@- ti‘m‘ferred-to a mo-ﬂ. volumetric flask. The addititén of 15 ml, of 3%
lwd.rom peraxide, mixing, and dilutim to volume cazplete the preparatian for
~ spectrophotametric meesurement.
He reccammends making standards by dissolving 0.100 g. of N.B.9. titenium

doxlde in B g. of ammcnium sulfste end 20 ml. of concentrated sulfuric acid.
He recommends adding 90 ml. of water, -ﬁlteriné into a 200 ml. volumetric flask,
cooling, and diluting. Aliquots of this solution make the standards when trans-
ferred to 100 ml. volumetric flasks to which 20 ml, of 1:1 sulfuric acid and
15- ml. of 3% hvdrogen peraxide are added before dilution and measurement ‘at
420 my. .

_ Phosphu-}e may be added to prevent interference of the color of iram(III).
Many other colored ians alsoc tend to interfere and fluorlide forms & strang

complex with titaniwn(IV) and thereby bleaches the desired color.
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8-HBydroxyquinoline end EDTA

The B-hydrowéuir_lolate provides ome of the most specific spectrophotametric
methods for the determination of t:ltdniu.m(IV). Tsylor(Tg) found that énly
copper and uranium interfere if titenium(IV) 1is extracted twice at pH 8 to 9

fram 100 ml., of 0,001 M EDTA solution into 10 ml. of 1% B-hydroxyquinoline in

chlo.roform. and the edsorbance is measured at 400 mpy. A more defailed procedure
may also be found in Morrison and Freiaer(ao). | l
Tiron, chromotropic acld, thymol, sulfosalicylie acid, a._nd many other
reagents wvhich form colors with t:ltahium(i"i) are used in ‘other spectrophoto-
metric methods. Detalls .of these methods may be .found in the Fresenius

nandboak' 72!, sandell's book'®l)

s and othér. sources, The method involving
ether extractian of a thiocyanate complei is'dlscussed in the solvent extrac-

tion sectiam.

8. SEPARATICN METHODS

Most of the procedures for gravimetric analysis are, of course, also
procedures for separatlion 61‘ titanium from other elements. In addition,
solvent extraction, lon exchenge, distillation, and electrolysis are each
a.pp]_‘l.cab.le. to separaticns of titenium from .o‘lther elements. | There heve not
been very many studies of radiochemical separations of titanium, but a-great
deal of work haa been done by an_alw;hica.l-chemiats because of thé ubiquitous
nature of titanium ccnnpounda

A, Prec:lpitﬁticn separations:

In the classical hydrogen su_'l.-ﬁde_.scheme for qualitative analysié,

titenium(IV) will precipitate as the hydroxide in the ammonium sulfide group
of elements., It is oftén useful, hovever, to add 1% tartaric acid prior to

meking the solution basic, thus preventing the precipitation of titenium(IV)

with this group of elementa., The latter modification serves to separate irom
and mauy of the other transiticn elements fram the titanium(IV). If this
procedure is followed by a cupferram precipitatiom, ‘titenium and zirconium

are recovered qmﬂtaﬁnh with thorium, cerium and rare earth cmtmi.natim(ls)
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The detailed procedures and interferences for the quantitative sepa.rd.t:lcns
of titenium with cupferron, B-hydroxyquinoline derivatives, and p-hydroxy-
phenylaradnic acid have been discussed as gravimetric determinatioms. A
' (12)

sunmary of precipitation separations as presented by Classen is shown in
Teble V. For the details of any of these methods, cne 1s referred to the °

original work.

B. Solvent Extraction Separations

The solvent extraction of titanium has been imvestigated primar-
11y »s an analytical tool. The fact that titenium is not en 1'mport;nt '
fission product, eand the fact that sultable isotopes have not been
availsble for comprehensive extraction studies until relatively
recently, have contributed to a lack of study by radiochemists.

However, several systems of interest have been studied.
Fluoride-Ether

Tife.nimn(I\r) 18 extracted lees than 0.05% from 1 M to 20 M HF
into an equal volume of ethyl ether(al)' The failure of tifa.nitm to
‘extract may be useful in the separation of titenivm from RKb(V),
Ta(V), and Re(VvII) vhich are over 60% extracted from 20 M HF. Sn(II),

Sn(Iv), As(III), As(V), Ge(IV), P(V), Se(IV), V(III), V(V), Mo(VI),

and Sb(ITI) are extracted from 5% to LO¥.

Chloride-TBP or Ether

Titantum(IV) does not appear to be extracted by ether or other
oxygén containing solvents from acidlec .chloride media. Under proper
conditions Sb(V), AE(III), Ga(III), Ge(IV), Au(Iﬁ)‘, F'e(III), BQ(II),
Mo(VI), ¥b(V), Pt(V), Pa(V), 8c(III), or TL(III) should be extractable
from tit@ilm(rv) in acidie cﬁloride solutions. Extraction of scandium

from 8 M HCL into tributyl phosphate wvas used to separate Sclm from

the parent Tim". (82)
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62

TABLE V

PRECTPITATTON SEPARATTONS (72)

~Mtanium Preclpitated From

Reagents -

e| AL [N1 |Co |[Mn [Zn |Be [Cr |Zr |Th [Cu [Sn U Others
Ammonia 41 + +] + - + + Ce Group, Mg

an’ R
EEL"OH & .,uJ_fosnII{cyIic + |s N 3
Pyrldine + +] + Ca Qroup, Mg
ﬁéxametl@enetetrmﬂne + +]+ 1 4 j
Chloride & bromate + [+ + + |+ [+ Ca Group, Mg
Guanidine carbonate + +2 T ]
CupPerron H] o+ 1+ +l+ ]+ |+ |+ + Ca, Mg, Ce
p-Hydroxyphenylarsonate | + |+ +| %] + [+ [+3]+2] + | + + Ca, Mz, Ce, TI
Tannin & acetic acld - + N + + j
Tannin & entipyridine + 1+ |+ +| + | + +
Tamnin & oxalic acid + + + + + +
i,_Y-Di'bromo-B-oB-q\unolfne + + +| + + + + + Ca, Mg
Sodium Eyd.rofide + + + +2 + +
Precipitated From Titanium

Fe| AL {R1 |Co|Mn|[Zn|[Be{Cr |[Zr [ Th|Cu {Sn U Others

H?S, NH3 & Citrate or
- Tartrate . + + 1+ [+ | + +

Flectrolysis (into Hg) + +{+ |+ ]+ + + |+
NEECO3 fusion . + + 5102’ P023‘.-

+  Satisfactory separation.

+ Separation incomplete or only umder special conditions.
1) Only es divalent iron.

2) Only as chromate.

3) ﬁoth Cr(III) .and cr(VI).

Both Mn(II) and Mn{VII).
5) In Hydrogen peroxide conteining solutions.

From A. Claassen, in Handbuch der Analytische Chemie, W. Fresenius and G. Jander (Eds .), Part ITI,

-Section IV b, Springer-Verlag, Berlin, 1950;

reprinted by permission.




Thiocyanate~-ether

Titanium(IV) is rather poorly extracted by thiocyanate into ether;
however, this system’is of interest for seversl reasons.
Scandium is 89% extracted from a 7 M ammonium thiocyanate solution
which is also 0.5 M in HC1, while titanium(IV) is only 13% extracted
under the same conditions€8u) Titanium(IIT), on the other hand, is
84% extracted from 3 M emmonium thiocyanste, which is 0.5 M in HCI.
These facts render probable a separation based upon extraction of
many elements from titanium(IV) followed by a reduction of the
titanium(IV) to titanium(IIT) and extraction of this from wany of
the remaining elements.

An analytically specific spectrophotometric extraction procedure(85)
is to add 1 g. of citrie acid, 1 ml of thioglycolic acid, and 3 g.
of ammonium thioccyanate to 25 ml of titenium(IV) solution which haes
been made 6 M in hydrochloric acid. This is extracted with 15 ml
of 0.01 M tri-n-octylphosphine oxide (TOPO) in hexane for five
minutes, The organic phase containing the titanium is washed with
6 M sulfuric acid for 1 minute. For anelysis, the organic phase is
centrifuged and the absorbance measured. Nb, Ta, W, and Mo interfere.
Large excesses of Y, Fe(III), Cu(II), Zr, Cr(VI), Co(II), Ni, Mn(II),
v(v), Mn(VII) Pb, Dy, Tb, Ho, Yb, K, Be, Al, Ca, Sn(II), Cd, Mg, Si,
Ba, B or, Li do not interfere with colorimetric determination. Ti,
Vv, Nb, Ta, Mo, W. U, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Cu, and Bi are

listed by Sandell as forming colored thiocyanates.(6l)

8-Hydroxygquinoline-Chloroform

8-hydroxygquinoline (8-quinolinol, oxine) is one of the most
studied extracting reagents for meny metals. Taylor's 1954 Ph.D.

thesis was devoted primarily to the extrection of behavior of Al,

Ti(IV), V(V), Mn(II), Fe(III), Co(IX), Ni(IT), Ccu(II), Mo(VI),

W(VI), and U(VI) into chloroform by 8-hydroxyquinoline.(79) His
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emphasis was upon evolving analyticel methods rather than separstion
per se. His principal contribution to titenium chemistry was the
previously described colorimetric determination using FDTA to hold
back other metals. Under his conditions, titanium(IV) was over 95%
extracted in the pH range of 8-9 while Mo(VI), W(VI), =mnd V(V) were
not extracted at all above pH 8.2.

Stary,(86) in 1963, published the results of a more exhaustive
study of 8-hydroxyquinoline extractions into chloroform. He used
oxalic amcid, tartaric acid, nitrilotriscetic acid (NTA), and 1,2~
diaminocyclohexanetetraacetic acid (DCTA), in addition to ethylene-
diaminetetraacetic acid (EDTA) as competing complexing agents.
Appropriate equilibrium constants were derived when possible. The
results of this work are summarized in Table VI. We have listed the
PH at which 50% of the metal is extracted at 20°C by equal volumes
of 0.1 M oxine in chloroform. Except where noted otherwise the pH
vs percént extracted curve is a steep, fairly symmetrical "S" shape
which goes from 0% extracted to 100% extracted in mbout 2 pH units.

The results for titanium(IV) are shown in more detail in figure ITI.

Quaternary Ammonium Salts-~Hydrocarbons

Although quaternary ammonium salts may be found useful in the extraction
of several elements from titanium, they do not appear to be useful in the

(87)

extraction of titanium from aqueous solution., Maeck reviewed extractions
by quaternary ammonium salts from 1-5 M sodium hydroxide, nitric acid,
sulfuric acid, hydrofluoric acid and hydrochloric acid solutions. No extrac-

tion of titenium or its neighbors was found, except that of vanadium(V) from

dilute hydrofluoric acid.

Tetraphenylarsonium Chloride~Chloroform
(88)

Sommer found that polyphenol complexes of titanium(IV), such as

discussed under chelates, were quantitatively extracted into chloroform by
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Table VI

Extraction of Metels into Chloroform by B-Hydroxyquinoline

PH at which the extraction coefficlent is unity

Z Ion 0.10M 0.010M 0.010M 0.010M 0.010M 0.010 M

Oxine Oxalic Tartaric NTA EDTA - DCTA
4 Be(II) &  5.81 7.0 6.3 7.0 8.5 8.9
1 Mg(I1) 8.5Tp 8.1¢ 7.8 ¢c -—- [No Extraction]
13 A(ITI) . 2.8 e 6.9¢ 5.6 ¢ 8.1 ac 9.7e¢ 10¢
20 Ca(II) 10.38 prt. 9.5 ¢ === [No Extraction]
21 Se(III) 3.57 7.1 6.3 10.8 ab 10.8 ab 11.L4 eb
22 Ti(IV) 1.45 28 a 1.5 1.9 ab 7.0 b . 8.0 &b
23 v(v) 0.88 poor extr. poor poor extr.
2h Ccr(II1) [ Extractable complex formed only on heating ]
25 Mo(II)b  5.66 6.4 6.1 6.8a 11 . 12
26  Pe(III) 1.00c 5.3 ¢ 1.7 ec 3.2 e 9.5 ¢ 11 ac
27 Co(IT) 3.21 4.2 3.2 5.2 a 10.1 11 ¢
28 mi(1I) 2.38b 5.0c¢ 3.2 ¢ - 11.5 ¢ 12.5 be
29 cu(II) 1.37¢ 3.6c  --- 3.8 ¢ 9.0 ac  10.2 ¢
30 Zn(IT) 3.30 &b _ '
31 Ga(III) 1.07 b.h e -— _ 5.5ac 9.9¢ 10.8 e
32 sr(IT) 12.06 PPt 10,k e [No Extraction]
k4o zr(Iv) 1.01 b 7 3.0a > - >9 - >9
43 Nb(V) [Quantitative excess oxine pH 2.8-10.5]
42 Mo(VI) [{Quantitetive pH 1 to 4, No Extracticn pH > 8]
4% PA(II) 0 b b - b b
L7 Ag(T) 6.5l n 6.5n 6.5 1 - [15% Extr. pH >5 1
48 ca(I11) 4.65 ¢ 5.5 k.9 10 a - [No Extraction]
Lg In{III) 1.50¢ 4.3 ¢ 2.2 ¢ 8.5 c 10.2 ¢ 10.9 ac
56 Ba(II) 11 vpt. - -— [No Extrection]
57 La(IIT) 6.46 8.4 T.5 11 e 11 e 11 ¢
Th w(VvI) b [partirl Extr.] [Quantitative pH 2.5-3.5, S)
80 Hg(IT) [Partial Extraction ] [Not Extracted .......... ]
81 T1(ITI) 2.0.¢c 2.8 ¢ 2.0 ¢ 9.0 be 11.3 be 12 bc
B2 . Pb(II) 5.0b 6.2 5.5 9.5  [No Extraction ]
83 Bi(ITI) 2.13 4.8 3.2 a8 7.8 a 10 l1e -
90 Th(IV) 2.91 6.8 6.2 >7 L >T >9
92 u(vI) 2,608 T.4 6.7 5.4a . 6.1a 4.7 a

RNotes: a. Curve of extraction vs. PH was not ideal In some manner.
b. Requires special handling. See original paper for details.
c. Data from other than 0.10 or 0.010 M solutions.
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FIGURE III

EFFECT OF pH ON THE EXTRACTION OF Ti(IV) by
8-HYDROXYQUINOLINE. Reference 86.

From J. Stary, Anal. Chim. Acta, 28: 132 (1963); reprinted by permissiom.

1000

% Extracted

. No added reagent.
. 0.010 M Tartaric acid,.
. 0.010 M Nitrilotriacetic acid.

1

2

3

4. 0,010 M Oxalic acigd.

5. 0.010 M Ethylenediaminetetraacetate.
6

>, 0.010 M 1,2-diaminocyclohexanetetraacetic acid.

tetraphenylarsonium chloride., Sommer used a chloroacetic acid buffer to
maintain the pH of the aqueous phase at 2.7, added 1% aqueous polyphenol
solution and solid tetraphenylarsonium chloride., He reported no analytical
interference from Ni(II), Co(II), Mn(II}, Zn, Cd, Mg, Sr, Ca, Ba, Al, Th, or
tungstate. Zirconium precipitated, Fe(III) extracted somewhat except with
2,3~dihydroxynaphthalene, U(VI) and Nb extracted, Ta, molybdate, and V(V)

interfered.

Other Solvent Extraction Systems

In the book "Solvent Extraction of Metel Chelates," Stary reviews the

literature and gives a systematic presentation of several extraction
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FIGURE IV

pH DEPENDENCE OF THE SOLVENT EXTRACTION OF TITANIUM(IV)
AND NEIGHBORING ELEMENTS. Reference 89

From J. Stary, The Solvent Extraction of Metal Chelates, Pergamon Press,
Inc., New York, 1964; reprinted by permission.
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Figure IV contlinued

0.005 M Cupferron 1n Chloroform

-6

100p0—6-

01 2 3 4% 5 6 7T 8 9 1011 1
. pH

systems.'(ag) Figure IV shows the behavior of titanium(IV) and its

neighboring elements in these systems.

Ancther systematic review of solvent extraction systems may
be found in the 1962 report, JAERT 1047, edited by Ishimori.(%0)
He shows the behavior of sbout 60 elemenmts in phoephorous derivative ex-
traction systems ard also in some amine and arsonium systems.
Figures V and VI are reproduced from this review and demonstretes
the behavior of titanium(TV) and Lts neighboring elements in rep-
resentative systems. The abbreviations used are: TBP - tri-n-
butylphosphate, TBPO - Tr:l..-n-mrtylphosphine oxide, TOPO - Tri-n-
octylphosphine oxide, HDEHP - bis-2-(ethylhexyl)phosphate,

TIOA - tri-iso-octylamine,

Thin Layer chromtosragl_:I
In vorking on his doctorate thesis, Brinkmn( 91) used thin

layer chromatography with liquid anion exchangers adsorbed on silica
gel and mounted on microscope slides as a means of conveniently
determining the ammine extraction behavior of many elements. He
selected Primene JM -T, Amberlite LA-I, and Alamine 336 as representing
weakly to strongly adsorbing ammines respectively. - Hydrochloric acid
concentrations of 1 to 12 molar served as solvent. Although most

elements showed thin layer chromatographic behavior similar to their
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FIGURE V

Acld Dependence of Sclvent Extraction of Titanium(IV)
and Ad jacent Elements.Reference 90.

From T. Ishimori, Japanese Atomic Energy Research Institute Research
Report No. JAERI-1047, 1963; reprinted by permission.
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Figure V ~ Continued
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(Figure continues on the next page.)
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Figure V - Continued
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extraction behavior, titanium(IV) always chromatographed as though
it were on the silica gel with no exchenger added. This behavior
was distinetly different from the neighboring elements, and mey offer

a means of separstion for titanium.

Ion Exchange Separations

The ion exchange behavior of titanium follows rather directly
from its general chemistry. Cowmplexing and hydrolysis vary the ionic
charge on the titanium species and hydrolytic precipitatioﬁ cen csuse

severe difficulties in the elution of titanium(IV).

Cation Exchangers

The cation exchange behavior of titanium(IV) species has been well
(92) (9BUHN95)  girerow has

reviewed by both Samuelson and Strelow.
studied the adsorption of titanium(IV) and 42 to 48 other cations on
purified Dowex 50 cation resin (AG 50-W-X8) from Hel,(93) HNO3,(95) and

Hgsou.(95) Tables VII, VIII, and IX show selected values of weight dis-
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FIGURE VI

Acid Dependence of Solvent Extraction of Titanium(IV)
and Adjacent Elements Referernce 90.

From T. Ishimori, Japanese Atomic Energy Research Institute Research
Report No. JAERI-10L7, 1963; reprinted by permission.
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(Figure continues on the next page.)
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Figure VI - Continued
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Figure VI - Continued
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tribution coefficients, KD’ from these studies. The cation equivalents to
resin equivalents ratio, q, was malntained at 0.4 so that the coefficients
reported were compatible within, and between, the systems studied,

Table X shows selected results of a similar study using slightly

96)

acid ammonium sulfate solutions.

Strelow illustrated the usefulness of these values with & series
of separations. Columns contalning 20 g of resin (100 meq.) were
loaded with 1 meq. of each of several metal ions. A solvent in which
KD for the ion to be eluted was less than 10, and those for the ions
to be retained were greater than 30 was selected. ZElution with 200
to 400 ml removed the desired ion and another amppropriate solvent
was used to elute each successive ion. This technique was applied to
a separation of titanium(IV) from e mixture by adsorption from 0.15
M H2SO)\t containing 1% H202.(9h) Flution with 0.25 M Hesoh containing

19 H,0, removed Nb, v(v), Mo, Ta, and W. An elution with 0.5 M H,80),
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TABLE VII
Cation Exchange - KD at Various HCl Concentrations
(Dowex 50).Reference 93.

From F. W. E. Strelow, Anal. Chem., 32: 1185 (1960); reprinted by
permission.

Concentration of Hydrochloric Acid

Cation | 0.1 M 0.2M 0.5M 1.0M 2.0M 3.0M 4. oM

Ca 3200 790 151 ba.29 |12.2 | 7.3 5.0
Ti(1V) >1oh 297 39 11.86 ‘ 3.7 afh 1.7
v(IV) 230 by 7.20

v(v) 13.9 7.0 5.0 1.10 | 0.7 | 0.2 0.3
cr(IIT)] 1130 262 T3 26.69 7.9 4.8 2.7
Mn(II) | 2230 610 8k 20.17 | 6.0 | 3.9 2.5

Fe(II) | 1820 370 66 19.77 4.1 2.7 1.8

Fe(TIT)| 9000 3400 225 35.45 5.2 3.6 2.0

Al 8200 1900 318 60.8 1l2.5 b7 2.8

Y 5105 |>10% | 160 | 4.6 |20.7 | 13.6 | 8.6

7r >10° 510° | ~10° 7250 489 61 14,5
TABLE VITI

Cation Exchenge - KD at Various I-]No,3 Concentrations
(Dowex 50). Reference 95,

From F. W. E. Strelow, R. Rethemeyer, and C. S. C. Bothma, Anal. Chem.,
37: 106 (1965); reprinted by permission.

Concentration of Nitric Acld

Cation | 0.1M O.2M 0.5M 1.0M 2.0M 3.0M Loom

Ca 1450 480 113 35.3 9.7 k.3 1.8
Se >1oh 3300 500 116 23.3 11.6 7.6
Ti(IV) | 1410 461 71 14,6 6.5 4.5 3.4

v(Iv) | 495 157 35.6 | 140 | b7 3.0 2.5
v(v) 20.0 10.9 k.9 2.0 1.2 0.8 0.5
cr(111) | 5100 1620 | k18 112 27.8 | 19.2 10.9
Mn(IT) | 1240 389 89 28.4 1.4 7.1 3.0

re(zir) | s10% | d00 [ 362 | 7» .3 | 6.2 3.1
Al >1oh 3900 392 9 16.5 8.0 5.4
Zr >1oh >1oh 10“ 6500 652 112 30.7

42




TABLE IX
Catian hchsnge - KD', Variable 32301; Concentrations
’ (Dowex 50). Reference 95.

From F. W. E. Strelow, R. Bethemeyer, and C. S. C. Bothma, Anal. Chem.,
37: 106 (1965); reprinted by permission. .

Concentration of Bulfuric Acid

Cation O0.05 M O.1 M O0.25M O.5M 1.0M 1.5M 2.0 M

8o 5600 [1050 | 11 [ 3.9 [ 8.5 | kb 3.b
(1v) | 395 25 | 5.8 | 9.0 |25 | 10 0.4
v(Iv) |.1230 koo ko 8.6 | 1.5 | 2.» 0.k
(V) ar.1 15.e | 6.7 2.8 1.2 0.7 0.b
~ cx(x)| 198 176 126 | 55 8.7 | 0.9 0.2
ma(IT) | 1590 610 165 59 7.4 | 8.9 5.5
Pe(IT) | 1600 560 139 k.0 | 15.3 | 9.8 6.6
Pe(T1I) >10* 2050 255 58 13.5 | 4.6 1.8

A >10* - | 8300 540 126 27.9 | 10.6 b7
Zr 546 h7h 98 h.6 1.k 1.2 1.0
TAELE X

Cation Exchange - ID at Various nhsoh Concentrations
{Dowex 50). Reference 96. :

From J. Eawabuchl, T. Ito, and R. Kuroda, J. Chramatogr., 39: 61
(1969) ; reprinted by permission.

Cone. HE SOy in 0.025 M 80,
Ec_m 0.20 M 0.30 M 0.50 M 1.0 M

e 9.5 h.s 2.5
(Iv) b5 3.5 2.5 1.5
Iv) 1| _ 8.2 k.0 1.9
III) 2m T n _ 0.2
(1) 23 7.7 - 3.8 1.8
85 ] 35 ’ 8.0 2.5

<1 <1l <]l <1
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removed Ti(IV), Zr, and U(VI). Ga, Fe(IIT), Eg(I), and Ag remained
on the column. This use of B0, to prevent hyﬁrolysis d1d not appear
to change the distribution of titanium(IV) appreciably. Several
authors have found the addition of hydrogen peroxide to be useful in
"the ion exchange separation_ of titanium.

Strelov also developed a convenient cation exchange method for
separating scandium and the rare earths from titanium and most other
‘metal ions of the insoluble hydraxide group. o7) After being loaded
on to Dowex-50 from 0.1 M EC1 solution, titenium(IV) could be eluted
with 1.75 M BC1. Scandium and the rare earths were then eluted with
3.0 M KC1. _

According to Fritz(?e) 0.5 M HBr will not effect removal of
titanium(IV) from a Dowex-50 column. Since the neighboring elements
are not removed by HBr either, this solvent will be applicable only
to the removal of other elements from the first transition series
elements. As would be anticipated, 0.1 or 1.0 M HF rapidly removed

titanium(IV) from the seme :-esi_n(”); Co(II), cr(IIT), Ma(II) ard

Vv(IV) were not em;a by 0.1 M BHF. Al, Sc, Kb and Zr vere eluted
with the titanium.

Table XI i85 a compﬂation of some catlion exchn.uge' separations
which have been reported in the literature. The references are

primarily from Sa:melaon(gz) and Strelow (1963).(%)

Anion Exchangers
In hydrochloric acid, titanium(IV) is a member of the group of

elements which are very s8lightly adsorbed by anion exchange resins
‘from dilute acid but are more strongly adsorbed from strong acid. (118)
Bydrolysis problems are reported if the hydrochloric a.cid concentration

is less than 9 M. Since Se(IIX), V(IV), Cr(III), and Mn(II) are very

slightly adsorbed from Al at a.uy concentration vhile Ti(IV) is

adsorbed from concentrated HCl, several separation schemes have
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TABLE XI

Summry of Catlon Exchange Separations of Titanium

Fe(IIT) 1¢ 5,0,
™ -1.0M HDth,.
1% B0,
Fe = 2 M K1

Oorigin Resin ' Separated Eluent Reference
’ From
Salutions  Dowex 50 Th Ti, Zr-1% Citric Acid (100)
: 'I‘h-thitrate
Solutions  KU-2 zr Ti- 1M EC1 (101)
Zr - ¥ M EC1
Poly. Styr. Al Ti-EDTA - 3202 - pH 1-3 (102)
sulfonate (Al ade) :
Ti alloys  KU-2 A Ti - 0.75 MEC1 & B0,  (103)
' Al - 2 M EC1
Solutions, AG-50 W Zr, Th. T - 2 M E1 (104)
5td. Clay Zr - 5 M HC1
Solutions  KU-2 Fe(III) T - 0.25 M EC1 (105)
Fe -.4 M HCL
(lomded from 0.25 M HC1)
8BS Fe(III) Ti - 0.4 M HCL (106)
Fe - L M HC1
Solutions 8BS cr(III) Ti - EDTA + HC1l (107)
. (Cr held)
- Solutions  KOD-1 Mn(IT) Mo - 0.5 M K1 (108)
: T -k MEL
IR -120 B  U(IV) T -2 MEl (109)
O(IV) - 1 MBS0,
Solutions  SBES W . W -pH 5' + B0 (110)
m-"lof o) 2
Solutions & 8BS v(V), Mo V, Mo, W - PE 1 E 80, (111)
gteels W + 1% H,0,
Solutions 8BS ‘Mo Wb - 0.3 N K80, + (112)
' 5% citric -
Solutions  KD-2 b "Kb - 0.3 M ECL + (113)
0.2% B0,
Iimonite Poly Styr  TFe Fe - 2 M KCK (1)
Sulfonate ™ - 1098 B850,
Steels Dovex-50 W  Fe(ITI), Si Others - 0.5% H,SO (115)
: ' cu(IT), Wi, T, VW(IV) - 1% +0-3T%
cr(IT1I), ¥ Ammonium citra
II;, b 1
_Sn(IV
Gteels formldehyde V(V) V-pE 1 + B0 (116)
Resorcinol Ti, Fe = iﬁ
Sclutions  Dowex-50 v(v), V - 0.01 M K10, (117)
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been developed using these facts. Vanadium(V) and chromium(VI)

are much more strongly adsorbed then titanium(IV). Kraussllg) for
instance, separated a mixture on Dowex X-1 by eluting V(IV) with 12.1 M
HC1, Ti(IV) with 9.1 M HC1l, and Fe(ITI) with 1.0 M HC1l. The systematic

(119,120) indicate that the adsorption

studies of Nelson, Rush, and Kraus,
of titanium(IV) from concentrated HC1l could be the basis for many
other separations.

The lsbile fluoride complexes of titanium(IV) are also useful in
anion exchange separationé. Since fluoride is useful in the dissolving
of titeniunm materials, the use of this medium is reasonable in spite
of the difficulties incumbent in the use of plastic ware and the
extra care required by fluorides. Dowex-l has been used in compre-
hensive studies of anion exchange of metal ions from 1.0 M HF(lao)
Figure VIT shows some of the results of this work. The values given are

volume distribution coefficients, D

v
Nelson, Rush and Kraus(lzo) also specifically illustrated the separation
of V(IV) from Ti(IV) in HC1-HF systems by both anion and cation exchange to

show the reciprocal relationship between these methods. Figure VIII is taken

from this work.
(121)

Faris has studied the elution of 50 elements from Dowex-1 (X-10)
with various hydrofluoric acid concentrations. Figure IX shows the behaviour
of some elements of interest expressed in terms of weight distribution coef-
ficients.

Other studies(lee)

show that, if 0.3% hydrogen peroxide is added to

prevent hydrolysis, titanium(IV) is very slightly adsorbed from 0.2 to 4.0 K
sulfuric acid. The potential utility of this system would be in gquickly separat-
ing slightly adsorbed ions like Ti(IV), V(IV), and Cr(III) from more strongly
held ions such as Zr(IV), Ta(V), Mo(VI), and Cr(VI).

In addition to these systematic studies of anion exchange behavior in

mineral acid systems, a good deal of use has been made of titanium complexes to
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FIGURE VII

Anion Exchange Adsorption of Scme Elemente from
Hydrochloric Acid and Hydrochloric Acid-BHydroflueric
Acid Mixtures.Reference 120.

From F. Nelson, R. M. Rush, and K. A. Kraus, J. Amer. Chem, Soc., 82: 339
(1960) ; reprinted by permission. '
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. 2F-statet - T 7 )
g o[ 1 [er<ym] [ ] vl ]
A L . Hcl
A o & 8 12 1 1 K Jl
& Molerity HC1 . )
T T T T T FI T T
v F 4 fer :
A 4
<lin} | i : 4 4
[ HC1 and ] 1 4171 Y
Skl VERINDEIN=
PR R C i 4 L VA 1 ; .

Adsorption of some elements from HCl and HCl1l-HF
solutions (0.1 < M HC1 < 12): ———, distribu-
tion coefficlents in absence of HF;
distribution coeffilclents in HC1l-HF mixtures
(usually 1 M HF except Zr(IV), Hf(IV), Nb(V) apd
Ta(V), where M = 0.5)." :

»

~ effect enion exchange separations for analytical purposes. In most of the
analytical separations, the only indication of purlty is the lack of interferences
with & colorimetric test. Some of these separation précedures are outlined in
Table XII. Again, most of.the refere;nces' are taken from Samelaon(g)) and

(s2)

Strelow.

D. Paper Chrometography Separations
Although usually considered as slow, paper thbgraphy- can offer
a reasonsbly rapid and cdnven:l.ent means of separating metal ians, This method
hes been used to separate fission products, and titanium(IV) has been separated

from Al, Fe, Zr,,and other elements by using such varied solvent systems as
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TABLE XIT

A Summary of Anion Exchange Separations of Titanium

Origin Resin ©  Separated Eluent Reference
From
Solutions Dowex 1 v(zv) V - 12.1 M HC1 (119)
Fe(III) Ti - 9.1 M HC1
Fe - 1.0 M HC1
Minerals IRA LOO Fe%]II) Fe .. 2% Ascorbic acid {123)
cr(III) PH 4;T1 ~ 1 N H_SO),
N1, Co(II)
Fe Alloys " Dowex~1 Mo, V TL - 0.1 N B S0, + (12k)
_ | Zr 3% B0,
Ratural Dovex-1 Ca, Mg, Many - 1% Ascorbic pH 4-5 (125)
Water (ascorbate) Fe(ITI), Many - 0.1 N H_SO) + 0.25 M KaF
etcl. Ti- 0.1 N E,S0) + 34 0,
Silicate Dowex-1 . R.E.,P03~ Others - 0.1 N H,S0), + (126)
Rocks Fe,Al,Be 0.25 M NaF
Group II, 'I'i - 0.1 § B850, + 3% B0,
W, Zr - & M BC1® _
Miperals Dowex~-1 Group IT Many - 0.1 N H,SO (127)
(in EF) - Zr,Be,Fe 1% N (isedo_ltNE o)
: : Ni,Co,zn, Ti - 0.1 N Hgs
Mn,Th,V,w (some separa 10% in Na leach)
Mo,U,Sn,Sb
T{ Target Dowex-1 Se; V(IV) Oxalic, (128)

Se- 0.1 M
0.1 M EC1
V - 0.1 M Oxalie, O.4 M HC1
T4 - 0.1 0.1 M HCL
(Carrier Free Sc & V)

Hi Temp Dowex -1 Mo,W, Nbo Ti - &) 254 HCl, 5% HF (129)
Alloys } ~or b) 50% HC1l, 10% HF
. Steels IRA 40O Fe,Cr,Ri V(V), Fe - 0.12 M HC1 + (130)

V, Mo, Co 0.4 M EF
Mo, W, b Ti - 3 M HI1
(Fo interference H,0, Color)

HF EDE-10P Fb Ta PFe Fe Nb(.9) - 1M HC1, (131)
Solutions 0.05 M HF
: TiN'b(l)Ta(OG)-3MHCl
Ta(.94) - 9M HC1, 0.05 M HF -

High Temp Dowex-1 ¥b Ta Mo Ti Zr - 50% BEC1l, 104 HF (132)
Alloys _ Sn Fe Fe Mo Sn - 7% NE,C1, 12.5% HC1, 20% HF

(Followed cupferron pptn.)
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TABLE XII (continued)

Origin Resin Separated EFEluent Reference
From

Steels Dowex~-1 Nb Ta W VTizr - 1.5 M HC1, (133)
Mo 0.5 M Oxalic )

Nb - Same later

Ta-3 M HC1, 0.5 M Oxalic

W -4 M HC1, 0.1 M Citric

Mo - 1.9 M NH,C1, 0.4k M
ammonium citrate

Ti Target Dowex-~-1 v(Iv), s¢ V - 0.5 to 2.5 M HF (134)
Sc - 15 M HF
(both cerrier free)

Alloys TRA-L00 Ta Nb ™ - 20% HF, 40% HC1 (135)
¥b - 5% HF, 25% HC1
Ta - T5% HF, 25% HCl

solutions An-2F Mn(TI) Mn - 8 M HC1 (136)
Ti adsorbed (1l:1 should elute)
Alloys Dowex~1 7r Hf Mo Ti - 6% H_30,, 0.025 {137)
22
M Oxalic

Zr Hf - 10% H 50, 0.025 M Oxalic
Nb - 20% H 50y, 0.10 M Oxalic

Mo - 20% E,S0,

Silicate Dowex~1 Fe Mn Ca  Others ~ 3.5% Sulfosali~- {138)
rocks Mg Others cylic acid

Fe - Conc. HC1

Ti - 1:1 HC1

pentanol-benzene-HCl; butanol-HCl; methyl acetate~HNOz-water; and ether-
methanol—HCl(zo).

Qureshi and co-workers have developed a method for quantitatively separat-
ing titaniumbfrom synthetic mixtures of over 17 cations iﬁcluding Fe(III),

cr(III), Al, V(IV), and U022+(l39,1h0).

About one lambda samples of 0.1 M
metal ion solutions in 4 M HC1 were put on 15 x 3 cm strips of No. 1 paper and
hung in glass Jjars. About one hour was required for the solvent to travel
their usual 12.5 cm distance, Their most versatile solvent system was formic
acid-HCl-acetone, 3:5:2. Citrate and tartrate did not interfere because of

the high hydrochloric acid concentration. Aqueous 5% chromotropic acid was

used to establish the locaticn of the titanium,
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FIGURE VIIT

Ion Exchange Separation of
Titanium and Vanadium. Reference 120.

From F. Nelson, R. M. Rush, and K. A. Kraus, J. Amer. Chem. Soc., 82: 339
(1960) ;. reprinted by permission.

A
0.1 M HC1-1.OMHF 6 M HC1-1 M HF
———=D 3
2 R
v(Iv) : T4 (IV)

I
il

Concentration (arbitrary units).

. o | I L.
A 2 3 5
' B
0.1 M HCl-1 M BF 1.5 M HC1
L | —

2 b— —
q ™ (IV) v(Iv)

1} —

0o & 4L., l I . O o

o 1 2 3 4 5

Column volumes of effluent

Separation of T (IV) and V(IV): A, anlon exchange; B, cation
exchange.
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FIGURE IX

Anion Exchange Adsorption from
Hydrofluorlc Acld.Reference 121.
From J. P. Faris, Anal. Chem., 32: 520 (1960); reprinted by permission.
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Roman numergls refer to oxidation state.
No Ads. - No adsorption from 1 M - 24 M HF.

9. DIBSOLUTION OF TITANIUM-CONTAINING MATERIALS

A-. Titgnium Metal and Alloys

Titaniun metal will dissolve in mn-oxidi:inﬁ aclds, such as
hydrofluoric, sulfuric, hydrochloric, or fluorcboric. Addition
of hydrogen peroxide or nitric acid will then ensure oxidation to
T4(IV). Bydrofluorie acid reacts vigorously, apd Scheffer(")
recommends adding HF slovly and dropwise to a sample of titanium
metal or alloy vhich 1is covered with vater. Usually hydrofiuoric
acid is used in conjunction vith dilute sulfuric acid, although
titanium will dissolve in sulfuric acid alone if the mixture is
heated to fumes of 803, Yielding '.I'.':I.(SO)',)2 and 802. The reaction with
fluoboric acid is complete even in cold solution, and is considerably
less violent than with hydroflucric acid. Hydrochloric acid will
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dissolve the metal at a moderate rate with heating. Tita.nim tri-
chloride is formed if the solution is protected from oxidation.
Dilute oxidieing acids usually attack the metal very slowly to form
an insoluble oxide, or acid film.

Steels contalning titaniun may be dlssolved in 1:1 HCL and the
residue treated with one of the following: HF end HEC10), 55% K10,
ENO,, aqua regia, HC1, ENO, and E.SO),. Alumipus metal may be treated
with NaOH, then with HNO, and H_SO)-- '

B. Titenium Dioxide |

Scheffer(lhf) suggests a satisfactory medium for dissolution of
0.5 g of titanium oxide as 8 g of ammonium sulfate and 20 ml of
concentrated sulfuric acid. Sodium or potassium sulfates are some-

what less satisfactory. Sulfuric acid alone reacts too slowly to be

useful. Hot hydrofluoric acid rgacts slovly with titanium oxides and
more HF must be added during dissolution. Scheffer'recommend.s addi-
tion of 10 _ml concentrated sulfuric acid per gram of titanium dioxide
when dissolving the oxides with HF. '

The oxide may also be fused with potassium pyrosulfate in a por-
celain crucibie at 800° ¢. Fusion with sodium carbonate should be
~ followed by dissolution in hot 6M ECL.

C. Salts .

The halides of titanium are soluble in water, though hydrolysis
may occur. Most double salts and titanates are soluble in hydro-
éhloric acid. The sulfgte Ti(SOlI_) 2 is soluble in cold, dilute
sulfuric acid but at low acidity hydrolyzes to an insoluble basic

sulfate or hydrated oxide.

D. Ores
Ores such as ilmenite, rutile, or others contalning mainly
iron, silicon, calclum, magnesium and aluminum may be treated with

3:1 sulfuric acid and an equal volume of hydrofluoric acid in a
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pletimm dish or Teflon besker. Alternatively, fusion with potaseium
pyrosulfate may be used. Depending on the nature of the ore, fusion

with NeOH, NaOH and Na,CO,, Nay0,, 10:1 Ne,CO,-KNO, KHF,, 1: (3 KF-Na 3.0,
or borax may be effective.(,rh) Iron ores can be dissolved in HCl and
H,50, and the residue treated with HF and H SO, or the semple can be

‘_treated with EZSOh and H3P0h_.(7h)

E. Blological Samples
The sample may be treated with concentrated sulfuric and nitric
aclds and heated. Small amounts of ammonium persulfate may be added

if necessary to speed up oxidation. If dissolution of titanium has not

occurred, ammonium sulfate may be sdded and the solitlon boiled.(l*)
Lﬁrw orgenic gamples can be brought into soluhion.by burning in alr or
oxygen, followed by treatment of the resulting ash by the ammonium
sulfate-sulfuric method described for titanium dioxide, or by fusion
of the ash with potassium pyrosulfate. For ‘small smplea.direct fusion
of the sample with potassium pyrosulfate in a platipum crucible is
satisfmactory, followed by dissolution in sulfuric acid. Organic
samples may also sometimes be dissolved in concentrated nltric acld

followed by careful addition of T2 perchloric acid.(l*1)

V. Hazards and Precautions in Handling
Titanium-Containing Materials

Nelther the metal nor most compounds of titanium are toxic or
explosive. The metal is rated as physlologically inert and the dioxide
is considered as & "miisance" only (142). Titanium metal under strong
oxidizing conditione is pyrophoric. It 1s, in fact, the only element
which will burn in nitrogen. () The tetrachloride of titanium evolves
copious vwhite fumes of titanium hydrous oxide snd hydrochloric acld

on exposure to moisture. For this reason, titanium tetrachloride is
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1listed as highly toxic to the eyes and lungs, and highly irritating
to the gkin. Dissolution of titanium metal in hydrofluorie ‘acid nay

become violent, as mentioned earlier.

VI. Counting Techniques

The titanium isotopes of interest for radiochemistry are 'I'iu',

71*5, ana maol, Pitaniun-b) has all of the attributes of an
excellent tracer, namely, it has a long half-life (48 y), 1s relatively

easy to detect, and is commercially available (afs_,_;ﬁa' cyclotron-produced

radionuclide). Titanium-45 (3.1 hour) also may Im.ve some use as a
tracer for applications requiring s shorter healf-life. Titanium-51

hae & half-life of only 5.80 mimrtes, and is of interest chiefly
because it 18 produced from neutron capture by titanium-50 (5.34%
| abundance), and as such 1s useful for determination of titanium by
activation analysis. The half-11vea of the other titanium 1aotop§s

are too short to be of'general interest. Titanium-42 has been recently
reported as having a half-1ife of 0.25 + 0.0 sec and decays to the

611.5 keV ptate of scandimn-ha.(lu)

1. TTTANTUM-U4

Titanium-4i decays by electron capture to Scu, eaccompanied by
the emission of 68 and 78 kev gamme rays. Scandium-i} in turn decays '
by poeitron emisasion or electron capture w:lth a35,92 hour half-1life to

stable c:m". Thus Tiul' may be detected by either gammm spectrqmetry or

beta. counting of Scm’.

A. Gamma Spectrometry

The detection of 'I‘:I.M" will be discussed in some detall because
of 1ts importance es a tracer and the fact that T:LM-ScM 18 a useful
source for energy calibration of NaI(Tl) detectors. Titanium-li may
be determined directly with a small NaI(TL) detector by measuring the

68 and 78 kev gamma rays. The advantage of this technique is that a
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relatively inexpensive NaI(Tl) crystal is adequate; a thickness of

0.22 cm should absorb 9O of the radiation at these energles.(1*)
Aithough the background in crystale of this thickness is generally

low, & further reduction can be cbtained by counting the semple between
two such crystals, requiring ganma-gamma colncidence. An even greater
1mm in sensitivity 1s obtelnable by two-dimensional spectrometry.

In _the presence of gamma radiation of higher energles, it may be preferable
to measure the gamma radiation from Schh. This conslsts of 0.51 MeV gamma rays
from positron ennihilation, together with & 1.16 MeV gamme ray. As seen from
Figure X, the sjpecﬁtm teken with & 3" RaI(T1) detector consists meimly of the
0.51 MeV and 1.16 MeV peaks, the 1.67 MeV sum peak, and the lower energy '.I.‘i]m
peaks. Use of a well crystal, as in Figure XI, allows one to elso measure the
sum peaks at 1.02 and 2.18 MeV.

Detection of Tim* - sc** with a Ge(Li) diode proves to be & very selective
method, as can be seen from Flgure XIIA.A dlode with 3 kev resolution can easily

resolve the T:I.m’ gamme peaks at 68 and 78 kev. Ge(li) - NaI(T1l) coeincidence

Ly

techniques could be used to resolve '.[‘:I.lm - 8¢’ from interfering rediomuclides.

Some of the diodes cammercially available for low-energy (< 100 kev) measure-

Ll

ments would be suitable for detecting the 68 and 78 kev T = gamme rays..

In Table XIII, the detection cepabilitles of a number of counting systems
for Tim" - Schh have been compared. For purposes of this table, cou.ﬁting effi-
clency "E" 1s considered as the net counting rate "N" under the peak(s) of
interest divided by the disintegration rate of the source. Background "B" is
the background counting rate in cpm under the seme peak(s). The minimum detect-

able activity "D" is glven by the expression:

p.1 (1+2cT8)
E e
where "C" is the coefficient of variation (C = o/N), and "T" is the total

(146) L. Currie has recently presented

counting time, sample plus background.
' (123)

another informative discussion of rediochemical statistics.
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Detection Sensifivity for Titenium-44 by Gamma Spectrometry

Table XIII

) Detectér

Detector Mode Peak (MeV) Background DlOOO
NeI(T1) Efficiency CPM
2"'x1/32" .069, .078 .253 b, 02 .367
2"x1/32" (2) Multiparameter .I47 sum 0338 .005 .2k6
3" xh" .069, .078 .373 21.7 1.12
L1477 sum 145 25.0 3.16
.51 .218 21.8 1.93
1.16 0462 T.74 5.42
1.67 sum 0188 2.74. 7.98
xlt (2) Summed L147 sum "ok 54.8 1.64
1.02 sum .0794 11.4 3.83
1.16 .0770 18.4 5.02
1.67 sum . 0294 6.05 T.54
2.18 sum o172 3.61 10.0
Colncidence 147 sum . 202 .elo .e27
1.02 sum .0823 1.17 1.20
1.67 sum .0213 .860 3.99
2.18 sum L0175 .730 4,48
s"x6"  (2) Summed 1.02, 1.16 0899 18.0 L.25
Coincidence 2.18 sum .0872 1.16 1.13
Multiparameter 2.18 sum .0719 .218 .609
5"x5" well L1b7 s\nn.. .681 65.4 1.07
. 1.02 pum 116 13.9 2.88
1.67 sum .0959 8.7k 2.79
2.18 sum .101 5.13 2.0
1 x6"  (2) Sumuned 1.02, 1.16 .bo3 487 k.90
Colncidence 2.18 sum 402 12.0 .TT6
Multiparameter 2.18 sum .ok .990 .373
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For low-level counting, sample and background counting periods
should be equa.l, so for a 1000 minute sample count, with a 2¢ detection

limit "D" becomes:

1 + yZ000B
Di000 = ~500% dpm

For further information on gamma spectrometry techniques the
reader 1s referred to O'Kelley,(llq) Siegbahn,(lha) and Watt and
Ramsden.(lw)

B. Beta Counting

The 1.47, 1.37, and 0.99 MeV positrons resulting from decay of
the Sclm daughter in 93% of the transitions provide a sensitive means
for the detection of small quantities of titanium-4l4. The sample must
be free of beta contamination, which usually involves performing
specific titanium separation and purification chemistry. After allowing

. sufficlent time for growth of the %.0 hour Scw‘l daughter following final

purification, the sample is counted with a geiger or proportional
eounter. Detection limits are determined by the smount:of sample,
counter background, length of counting time, and counter sensitivity,
as well as the contamination limits determined by the analyst for
blanks. A low-level beta system employing cosmic-ray guard detectors,
mercury and lead shielding, and a small geiger counter (5 cm® sample
area) cen yield a background of 0.2 cpm, and a 2 sigma Scuh detection
1init of 0.105 dpm for 1000 minutes of counting.

A method which is less dependent on low blanks involves milking
Scu* from the parent ‘I‘iM after esteblishing equilibrium, and following

the 4.0 hour decay.

C. Other Methods

A 3.03 keV X-ray results from the electron capture decay of titanium-4k;
however, the low energy and low fluorescence yield of this X-ray make detection
difficult. Therefore, counting methods based on X-ray detection would seem of

little practical importance.
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More exotic systems for titanium-ii measurement include bete-gemma or beta-
gamma-garma colncidence techniques, and mult:l_.pa.rameter analysis w:l'l:.h; or without,
beta colncidence gating. Figure XIIB shows & amltiparameter anticoincidence .
spectrum of the 2.18 MeV sum peak of titanium-4) and scandium-bk ueing & HeI(T1)
detector. ' |

2; TITANIUM-L5

Since titenium-45 deceys to the ground state of steble scandium-45, only
the positron annihiletion gamme rays, shown in Figure XIII, are detectable in a
NaI(T1l) detector. Discrimipation.from interfering radionuclides depends upon
resolving the 3..08 hour half-life component at 0.51 or 1.02 MeV. The 1.02 u;_-v
positron mey also be detected with a geiger or proportional counter. Figure XIV
shows the titanium-45 spectrum as measured with a Ge(li) detector system.(lhg) '
Titanium-45 for tracer applications can be made fram a (d, 2n) reaction on a
‘scandium target. Titanium containing titenium-45 can also be produced by the
titanium-iLG (n,2n) reaction, and after purificetion of titanium and decay o-f

titanium-51 the sample should glve a relstively clean spectrum of titanium-45.

3. TITANIUM-51
Titanlum-51 1s most easily identified by a 0.323 MeV gamma ray

resulting from the decay to stable vanadium-51. The 0.323 MeV gamma

is in coincidence with a 0.61 MeV gamma during 1.44 of the transi-
t1on8{®) 4 0.93 MeV gamma, although of low intemsity (k.84 of decey
events), may help to identify titanium-51 in the presence of inter-
fering gammas at lower energies. A titanium-51 spectrum taken with e
3" dla. x 3" thick NaI(Tl) detector is shown in Figure XV .. Kim(lhl)
reported a counting efficiency of 20-22% for 10 ml of semple in a 3/L"
x 6" test tube in a standard 1-3/4" x 2" scimtillator well crystal.
The beta rays of Hitanium-51(2.1 MeV, 94.5%; 1.5 MeV, 4.54) can be
counted in a Gelger or proportional counter, and the relétively high

energy beta ray at 2.1 MeV ‘minimizes self-abgorption problems. A
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photopeak efficiency of 23% would be expected for the 0.323 MeV gamma
from & point source at a distance of 0.6 cm from a 3" x 3" NaI{T1)

crystalglso)

Vii. Radiochemical Separation Procedures

The first five procedures are applicable to the five-minute
isotope titanium-51 and the three-hour isotope titanium-4S5S. The
next two procedures are gquite time consuming, and may be applicable
to titenium-LY4 studies in geochemical samples and weteorites. Procedures
8 and 9 are included as means of milking the scandium-i} dsughter from
the parent titanium-~ih.

The scarcity of radiochemicel procedures for titanium bes been
meinly due to the lack of a suiteble isotope for tracer studies until
recently, and the fact that titanium isotopes are not important in
fission of uranium and plutonium. It is encouraging that high energy
muclear physics and spallation studies are contributing to this

subject.

Preparation of Titanium Carrier

(1) X, TiF¢ H,0 Method
Weigh approximately 13.5 g of K2TiF6'H20, transfer to a Pt
dish, and treat with 50 ml 1:1 HQSOA. Evaporate to fumes of
803, cool, add 10 ml H20, evaporate again to fumes of SOB.
Cool, dilute to 250 ml. Remove aliquots for analysis.

(2) TiC]3 Method
Transfer LO ml reagent grade '.l‘iCl3 (20%) to a beaker. Add a
few ml 1M HC1l and sufficient H202 to give an orange color.
Boil until orange color disappears, then dilute to 250 ml
with 1 M HCl. Remove aliquots for analysis.

(3) Ti0, Method
Place 1.0 g analytical grade Ti0, in a crucible. Add about 8

grams ammonium bisulfate, mix, then cover the top of the mixture
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with ammonium bisulfate. Partially cover the crucible and heat
gently to aveid spattering until the mixture is molten. Swirl
mixture, and heat until all TiO2 is dissolved in the

melt. Cool, and dissolve melt in 1 M HC1 (or Hgsoh). Filter
any residue. Dilute filtrate to 250 ml with 1 M HC1l and remove

aliquots for analysis.

Analysis of Aliquots

Dilute aliquot to}lOO ml, then make just basic with NH, OH.

4
Boil 5 minutes, filter, and wash the precipitate with distilled
water. Ignite in a crucible to Ti02, cool, and weigh. Calculate
Ti content in mg Ti per ml of carrier solution.

Note: Alternatively, Ti may be determined in the aliquots by

spectrophotometry of the Ti(IV) peroxo complex.

PROCEDURE 1
. X . (3k1)
Source - C. K. Kim, University of Michigan

Element separated: Titanium Time for sep'n: 13 minutes
Target material: Meteorites, rocks and Equipment required: 30 ml

minerals, alloys, botanical and nickel crucible with a

biological ashes. 1id, Fisher burner,

centrifuge, separatory

Type of bbdt: Neutron activation; 12 funnel.

15 minute irredistion at 107 n

em~2 sec”

Yield: ~ 68%

6
Degree of purification: Slight contamination of M’n5

and Vgl.

Procedure:

(1) Heat 5 ml Ti+h carrier (0.8 mg) in nickel cruecible to dryness; add
horsg Na202. (The amount of carrier added is dependent on the

titsnium content in the sample).

(2) Add ~ 0.1 g of irradiated finely ground sample and put on 1id tightly

(note a); fuse for one minute; swirl melt onto side of crucible. Cool
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crucible and contents rapidly by dipping base of crucible into cold
water until the contents have solidified.

(3) Dissolve the solidified melt in H.0, boil, centrifuge and acidify
the residue with either HC1 or HQSOH.

(4} Add Fe carrier and meke the solution alkaline with NH OH to preci-
pitate TiOQ; centrifuge.

(5) Add 20 ml of 10% H_SO), to the residue and add 10 ml of 6% aqueocus
cupferron and 10 ml of isopropyl ether. Shake vigorously. Ti+u extracts
into the organic layer. Draw off the agueous layer {crushed ice should
be used to keep the liquids cool).

(6) Add crushed ice to the ether solution; back wash with 20 ml of

" cooled 15% NaOH (Cu, V, Mo, W are eliminated here),

(7) wash ether fraction with 10% H,50) and transfer ether to marked
tube for counting.

(8) Count 0.32 Mev vy-ray of 5.8-minute pi ot

with y-spectrometer;
determine chemical yield by measuring (after decey) the pertitenic

acid (yellow) with a Beckman Spectrophotometer (420 mu).

Notes:

a) If the sample is irrediated in a gelatin capsule and the capsule
is also fused, care must be exercised because the geletin capsule is
vigorously attacked by the peroxide.

b) Depending on the type of sample, some of the steps in the separation
could be omitted. For instance, unless a large amount of vanadium is
contained in the sample, step 6 (NaOH backwashing) is unnecessary
since most of the vanaedium is eliminated as the sodium venadate which
is dissolved in water when the Na202 melt is treated with water and
centrifuged. However, if there is a large amount of vanadium in the
sample, a trace of vanadium nmight come down with titanium and it
interferes with the spectrometricel determination of titanium.

Although NaOH backwashing eliminates vanadium very well, at the same
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time it reduces the chemical recovery of titanium appreciably by forming
‘& titanium oxide frecipitate.

¢) The temperature should be kept low (~ 10° C) preceding the NaOH
backwashing and the equeous layer should be removed immedistely after
the shaking. A filtering step through a fine sintered glass chimmey

or Whatmen No. 42 filter paper is required if s large amount of sample
is fused becsuse an insufficient fusion time may result in incomplete
fusion.

d) Step Lt is not necessary except if a fair amount of copper is present

in the sample. Copper is & rather serious contamination if it comes down

with titanium since it has & 0.511 Mev annihilation peak neasr to the
0.32 Mev titanium peak. Step 6 also eliminates copper.

e) Step 7 should be done twice if possible to eliminate mechanical
contamination which always accompanies solvent extraction. Care must
be taken to draw the aqueous layer completely from the ether layer.
Throughout the experiment, it is necessary to keep the temperature
rather low (~ 10° C) so as not to destroy the cupferron. Often, the
heat involved in the neutralization with NeOH will cause trouble.

£) If 0.3-0.4 mg of titanium is contained in the semple, either =
large amount of Ti carrier or a small amount of the sample should be
taken so that the colorimetric yield determination gives reproducible
values. For a large smount of titanium carrier, 500 mu should be
used instead of the normal 420 my photometric determinetion.

g) Much practice will be required for the Na202 fusion. A ring
clamp for holding the nickel crucible should be one inch awasy from
the surfaces of the burner for best resulis. When the crucible becomes
red, a swirling motion is recommended. Air cooling from red crucible
to black makes it easy to dissolve the melt with water.

h) In its simplest form of one cupferron extraction and a double
stoh wash, this procedure can be completed in 8 minutes on a sample

such as aluminum alloy with a yield of around 92%.
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PROCEDURE 2

Sou:rcé - C. X. Kim, University of Nﬂchiga.n(lhl)
Element separated: Titanium " Time for sep'n: ~ 10 min.
anget material:; Meteorites, rocks and Equipment required:
minerals; blological end Standerd plus 30 ml
botanical esamples . nickel crucible and
. sintered gless filter
Type of bbdt:; Neutron activation with chimney,

Yield: ~ 85%
Degree of pu:rificafion: Good for gam spectroascopy

Advantages: Fast and simple

- Procedure:

(1) Heat 5 ml Ti+h

carrier (0.8 mg) in nickel crucible to dryness;
add k or 5 g Na0,. (The emount of carrier added is dependent on
the titanium content in the semple).

(2) Fuse ~ 0.1 g of irradisted finely ground sample for one mimute;
swirl melt onto slde of crucible., Cool crucible and contents rapldly
by dipping base of erucible into cold water until the contents have
solidified..

(3) Dissolve the melt in H,0 and centrifuge.

(4) Diesolve the residue in a minimm of concentrated H2SO Dilute

x
this solution to 2 N in stoh and filter.

(.5) Add Zr carrier and boil the solution. Add 4% p-hydroxyphernyl-
arsonic acid in moderqte excesg and stir vigoroualjr.

(6) Digest over a hot plate,

(7) Cool moderately and filter through Whatman Fo. 42 filter paper

on the sintered glass filter.

(8) Transfer the precipitate to a teflon covered counting card and
count ti:e 0.32 Mev y-raj of Ti5l with y-spectrometer; determine chemical
yield by di_ssolution and measuring pertitanic mcid (yellow) with

Beckman Spectrophotometer (420 m)(sl)
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Notes;
For s sample abundant in chromium, an anion exchange column should

be used to adsordb chromate ions prior to step 5.

PROCEDURE 3
Source -~ C. K. Kim, University of Michigan(lhl)
Element separated; Titanium Time for Sep'n: ~ 11 wmin.
Target maﬁerial: Aluminum alloy Equlipment required:
Type of bbdt: Neutron activetion Standard

vield: 5 - 85%

Degree of Purification: Feirly good (Mn56 contaminated)

Advantages: Rapid separation

Procedure:

{1) Dissolve the irrsdiamted sample in concentrated HC1l with 5 ml

of Ti carrier (~ .8 mg Ti). Heet, add Cu carrier and @ilute with
water until weakly acidic.

(2) pPess Hés gas through the solution to precipitate the sulfides of
contaminants (particularly Cu if present); boil the solution, centri-
fuge and filter.

(3) A@d Fe carrier to the filtrate, add Na 0O, powder until it becomes
alkaline, boil, and centrifuge.

(4) Dissolve residue in 10% H S0). Cool. Extract Ti#’L with 10 ml
of 6% cupferron in isopropyl ether.

(5) Wash the ether extractant with 10% H SO, twice and draw off the
agueous layer.

(6) Evaporate the ether in a 150 ml besker over & hot plate.

(7) Position the 150 ml beaker in front of the Nel crystal and

count the 0,32 Mev vy-ray from Tisl by y-spectrometry. Determine the
chemical yield by dissolving the residue in the beaker and measuring

pertitanic acid (yellow) with Beckman spectrophotometer (420 mp).(6l)
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Note:
The counting of the residue on the bottom of the beaker (step 7)
increases the counting efficiency about three times over the counting

of s liquid sample.

PROCEDURE 4
Source ~ C. XK. Xim, University of Michigan(lhl)
Elément separeted: Titanium Time for sep'n: 12 minutes
Target material: Botanical and Equipment required: Standard

bioclogical samples
Type of bbdt: Neutron activation
Yield: 90%
Degree of purification: Fairly good for vy-spectrometry
Advantages:; Fast and simple
Procedure:

(1) TLeach the sample with concentrated HNO, and heat to dryness in a

3
250 wml beaker. Add 72% HC10), and fume.

(2) Add concentrated HC1 and clarify solution by heating.

(3) Add Fe carrier and make the solution alkaline with NeOH to pre-

cipitate Fe(OH), and Ti0.. Centrifuge.

3 2

(4) Dissolve the residue with 10% H,80). Cool.

(5) Extract Ti+h with 10 ml 6% cupferron in 10 ml isopropyl ether.

(6) wash the ether extractant with 10% H,S0), twice and draw off -the
agueous layer.

(7) Transfer the ether leyer to a counting tube and count the 0.32

Mev vy-ray of 5.8-minute Ti51 by y-spectrometry. Determine the chemical
yield by measuring pertitanic acid (yellow)}with Beckman spectrophotometer

(k20 mu).(él)

Notes:
a) Step 3 can be eliminated if the sample does not contain a large

amount of any one element. TIodine is a rather significant problem, however,
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in handling marine organisms; Fe does not carry iodine down with the

titanium. A preliminary CCl, extraction can be used to eliminate much

of tHe iodine if desired, but it must be repeated at least twice for this
purpose. Fuming with concentrated Ho50, expels most of the iodine; however

it is not advisable to use this technique because active iodine might con-
taminate the hood. Ns&pS5,03 absorbs iodine upon filtering the solution but

a trace amount is still retained in the solution.

b) Fusion with Na,S,07, NaliSO3, or KHF, in platinum crucible can be substituted
for the acid leach in step 1. The melt is then dissolved in concentrated
Hy5804 and water. Silica rocks can be fused with HF plus H,504 in a platinum
crucible. If & large amount of vanadium is acontaminant in a sample, 15% NaOH

backwashing should be done after the cupferron extraction in place of step 3.

PROCEDURE S _
. . . e (1h1)
Source -~ C. K. Kim, University of Michigan
Element separated: Titanium Time for sep'm: 1T7-20 minutes
Target material: NBS Ferrochromium Equipment required: Standard
alloy containing 0.034% Ti. plus 30 ml nickel crucible

with 1id, separatory funnel,
Type of bbdt: Neutron activation
Yield:’ ~ 50%
Degree of purification: - Some Cr51, Mnsu, and V52 contamination.
Disadvantage: Procedure takes too long for 5.8-minute half-life,
Procedure:

(1) TFuse the irradiated sample with Nay0p in a nickel crucible;
swirl the melt onto side of crucible. Cool crucible and contents

rapidly by dipping base of crucible into cold water until contents

have solidified.

(2) Dissolve the melt in water, centrifuge, and acidify with concen-

trated HQSOh'
(3) Ada NH) OH to precipitate Ti0,, centrifuge and dissolve the residue

in 1 N HCI1.
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(4) Add Zr carrier and precipitate the Titanium(IV) with p-hydroxypehnylarsonic
acid; stir vigorously and centrifuge.

(5) Dissolve the precipitate with 15 mwl of 7 M H,S0) .

(6) TExtract Ti'm with 4% tri-octylphosphine oxide (TOPO) in hexene

by shsaking or stirrigg with a glass rod mechanically for 10 minutes.

(7) Draw off hexane phase and transfer extractant to counting tube

5

for counting. Count the 0.32 Mev y-ray of 5.8-minute Ti 1 Gith

vy-spectrometry.

Notes:

8) The chemical recovery is proportional to the length of stirring
time in the TOPO extraction. TOPO extraction for various elements hes
been thoroughly studied by white.( to%)
b) An oxine extraction combined with EDTA-macking could be used

in place of the TOPO extraction. However, oxine is selective only

et & specific pH end it takes time to adjust to a pH of 5-7 (the

renge in which titanium is extracted). Besides, titanium tends to
hydrolyze at a pH of 5-7 to give a white precipitate. Therefore,
tartaric acid should be used for the separation. The separation requires
gbout 15 minutes, gives poor recovery of Ti and furthermore gives

contamination of Vv, Mn, and others.

(3) The cupferron extraction appears to be much better for Ti than

the above two extractants.

PROCEDURE 6
Source - M. T. Lipschutz, University of Chicago
Element separsted: Titanium Time for sep'n: days

Sample material: TIron meteorites
60-190 grams

Degree of purification; Separates Ti from cosmogenic and natural
radionuclides encountered in meteorites.

Advantages: Good separation of Tim‘L for gamma coincidence snalysis.
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Procedure:
(1) Reflux sample in conc. HC1+E1!03. Magnetic particles still present

in residue may be treated with HNO3 and this solution is then added to

the main solution. Add 50 mg. T:|.+h carrier, and carriere for other
elements of interest.

(2) Convert solution to 8 M HCl, and extract iron into isopropyl
ether.

(3) Eveporate HCl layer,. convert to a 1 N E_SO, solution of 1-2
liter volume.

(4) Electrolyze solution with m mercury cathode at 10-20 amps and
3.4 volts until loss of color indicates removal of F*2 and co'?.

(5) Concentrate solution to 1.8 N H_S0,, and precipitate titanium

by eddition of 44 p-hydroxyphenylarsonic acid solution. TIgnite
precipitate t_o '1‘.1.02 and fume to dryness with HF. solution to volatilize
silicon as SiF,. Ignite a_gain, and determine titenium yield gravi-
metrically as T:I.02. Mount for gamma counting and allow Scl"lL to grow
in. Ko chemical yleld correction is usually pecessary for titanium from

iron meteorites.

" PROCEDURE T
Source - P. J. Cressy, Goddard Spaceflight Center, Greenbelt, Maryland

J. H. Kaye, Battelle-Northwest, Richland, Washington

Flement separated: Titanium Time for sep'n: days

Sample material: stone meteorites 150-400 grams
iron meteorites 150-400 grams

Yield: 53-87%

Degree of purification: Separates T1 from cosmogenic and natural
radiomiclides encountered in meteorites.

Advantages: Ti“'" may be estimated by gamma analysis or Schh may
be milked from the purified Ti for beta counting.
' Procedure includes spectrophotometric anmlysis of Ti
in stone meteorites. :
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Procedure:

A.

Dissolution of Stone Meteorites and Separation of Iron

(1) Clean specimen with acetone, grind in sgate mortar to powder,
and weigh. Add 400 ml 484 HF. After reaction subsides, edd

160 ol eonc. H,80). Heat mixture until silicon is expelled.

(2) Transfer to teflon eveporating dish, add 200 ml conc.

H,S0,, and evaporate under hest lemp umtil dry. Ad4 200 ml

cone, mo3, evaporate, repeat twice. '

(3) Transfer to e 2-1liter porcelain evaporating dish, add LOO
ml conc. HCl, and eveporate to dryness. Repea£ _twice with 200 ml1
poxrtions conc. HCl. Dissolve residue in 9 M HC1.

(4) Prepare three 2-liter separatory ﬁmﬁels , each containing
400 ml isopropyl ether saturated with 9 M HC1l. Add meteorite
solution and extract ilron by counter-current method. Wash
combined ether layers twice with 100 ml of 9 M EC1, and coubine

washinge with main HC1 solution. Skip to step C5.

Diesolution of Iron Meteorites and Separation of Iron
(1) Wash sample with acetone, then e_tch with 8 M mo_3, rinse
with distilled water, end veigh. '

(2) Decompose by eddition of 8 M HNO, dropwise (into a reaction

36

3
vessel fitted vith traps to capture volatile gases if C'*, c1

are to be determined). After reaction slows, heat to ensure
dissolution.

(3) Add carriers for Ti(IV) (100 mg T10, equivalent), end other
elements of interest. Filter solution. Remove C1~ if 0136 ie

to be measured by adding 2% AgNO_, and filltering or centrifuging

3
the resulting AgCl precipitate.
(4) Evaporste solution, convert to 3M HCl. After allowing
soiution to stand for severaml hours, filter any silice present
and AgCl if excesas Ag+ was added in step 3. Evaporate filtrate,

convert to 9 M HC1l, and remove iron by counter-current solvent
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extraction using 4-500 ml portions of isopropyl ether pre-equili-
brated with 9 M HC1. Back-wash the éther layer twice with 9 M

HECl end combine washings with main HC1l layer.

Seﬁeration and Purification of Titanlum

(S) Heef 9 M HC1 solution briefly to drive off ether. Pass
through an anion exchange column containing 250 ml wet volume of
Dowex 1 X-8 (50-100 mesh) resin, vhich has been vashed with four
eolumn volumes of distilled water and of 9 M HCl. Elute
meteorite with 9 M HCl solution at 2-3 ml per minute;

(6) Evaporate the 9 M eluent to a small volume , and cool to below
5°C. Add 30 ml chilled 6% aquecus cupferron solution. Extract
yellov titanium cupferron complex into 250 ml chloroform.
Repeat exbracfion 2-3 times._ Com't;ine chloroform layers, wash
vith cold 6 M HCL.

(7) Evaporate almost to dryness. Add conc HNO., cauticusly and

3
heat to destroy organic matter. Repeat. Add 20 ml cone stoh
and heat umtil clear or pale yellow. Dilute to 100 ml with 0.3 M
HS0,. Add 5 g of tartaric ecid and 10 mg of cu*? carrier.

(8) Precipitate CuS with H,zs, filter and dlscard the precipltate.

"Boil the filtrate, then neutralize with NHhOH. Filter any preci-

pitate and discard. Evaporate filtrate, and destroy orgenilc

material (cawtiously!) with conc HNO,. Dissolve final residue

1n 0.3 M K0,
(9) 434 5 ml of 304 EDTA solution, adjust to PH 5.0 with NE,OH,

3

and cool to below 5°C. Add 30 ml cold 64 cupferron, let stand
15 minutese in ice, Filter on Whatman 4O paper, wash with cold 1%

cupferron solution, ignlte to Tioe, welgh.

Note:. Scl‘h mAy be milked from the purified 'I‘ioa, after allowing

~ for growth to equilibrium, using procedure 8§,
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| D. Estimation of chemicel yleld of titanium (source: P. J. Cressy)

(1) An aliquot from the meteorite solution. after dissolution,
containing about 0.5 mg titanium, is taken for analysis (step A3).
(Note; stone meteorites contain .08-.15 ¢ Tio, by mess). Evapo-

rate with Hgsoh to SO3 fumea

(2) Diseolve residue in 2 M H_SO), dilute to 100 ml. Two 10-ml

and two 20-ml aliquots are taken for analysis.

(3) Add ten drops 30% 3202 to one aliquot of each volume, using

‘the remaining aliquots for reference. The sbsorption spectru:ﬁ

from 350-650 miuimicrons is tmken for each set of mliquots.

(4) The transmittence of each sample at 420, 430, 440, 450, and

460 millimicrons i determined. The weight of titanium corresponding
to the transmittance at each wavelength 1s obtailned from the standard
extinction plots. The five velues for each set of mliquots are
aversged, and the two resulting mean tifa.nim contents are

averaged.

Note:

The standard extinctiqn plote are obtained by making up a syn-
thetic meteorite solution with varying amounts of titanium, and

measuring the transmittance ve. titanium content.

PROCEDURE 8
Source - J. H. Kaye, Battelle-Northwest, Richland, Washington

Element separated: Scandium Time for separation: less
i ' than 4 hours

Sample material: Titanium dioxide
Yield: 90%

Degree of purification: Separates scu" from any beta impurities
present 1n '.['10? from procedure 7.

Advantages: ScM may be determined by following the 4.0 hour decey,
either by gamma or beta counting.
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Procedure:
(1) Fuse '1‘102 with sodium blsulfate, dissolve in 3 M HC1l. Add

+3

20 mg Sc - carrier. Extract E[‘io2 into 100 ml CHCl, using 20 ml cold

3
6% aqueous cupferron, and Trepeat.

(2) wash aqueous layer twice with CHCl Add NE;OH to precipitate

3"
Sc(OH)3. Cenmtrifuge, wash with 20 ml distilled water.

(3) Pass eample through a 10-ml Dowex 50, X-8 (100-200 mesh) cation

exchange column. Wash with 25 ml 2 M HC1. Elube-Sc+3 with 50 ml
6M HC1. Evaporate 6 M eluent, precipitate sc(OH)3 with NE,OH.

Filter, wash with distilled weter, end ignite to Sc Welgh, wmount,

2’3
and count by following the 4.0 hour p* decay. Correct decay to time

of cupferron extraction.

Note:
Commercial 513203 of‘ten conmtains beta inrpu:rities. For low-level Scm"
measurements 1t may be helpful to purify the Sc carrier before adding

to the sample. .

PROCEDURE 9
(152

Source: M. W. Greene and M. Hillman, Brookhaven Nationsal Iaboratories.

Isotope Separated: Scendium-il

Sample Material: Titanium-44 “Cow”

Yield: 60 - 70%

Degree of Purity: ca. 0.02} contemination

Advantages; A convenlent source of easlly detected, short lived
scandium-ll,

Procedure:

(1) A column of 10-15 ml of Dowex-1l, X-8 (50-100 ‘mesh) enion exchange resin
in the-chlorine form was prepared. A 2 cm tube with a coarse frit

a8 base wvas recommended a8 a colum. A 0.5 cm layer of powdered.

quartz between two discs of filter cloth wee held in place at the top

of the reein bed by a split polyethylene ring. This layer prevented
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mixing of the resin and elso prevented draining of the column which

must not 'bec.ane dry.

(2) The coluwm was rinsed free of excess chloride with water.

(3) Ome to two drope of 3% H,0, wes added to each ml of titsnium-i4

solution. The product was evaporated to drﬁeas and then taken up in 20 ml of
0.1 M oxalic acid. '

(4) The titanium-ik oxalate solution was loaded on the resin and washed with
40 ml of & solution which was 0.1 M in oxalic acid and 0.2 M in HC1.

(5) The generator is milked by eluting with 30 - 50 ml of the 0.1 M oxslic -
0.2 M HC1 solution.

(6) Long lived contamination incresses with use but can be reduced again by
eluting the titanium-U4 from the column with 1 M HCl. The titanium-ib is then

reloaded as in steps 3 and L.

Source - Goste Rudstam, Forskningsrfdens Laboratorium, Nykoping, Sweden(]'S})
Element separated: Titanium .Hupose: To remove other spallation
Target Material: Cobalt products from Cobalt

Type of bamberdment: 170-Mev Protons Time for Separation: 60 min.

Yield: 10 - 50% Volumes: Less than 10 ml.

PROCEDURE :

(1) The targets were dissolved in dilute nitric acid conteining 0.2 mg of
titanlum carrier together with iron and vanadium carriers.

(2) The solution was made ammoniacal, and the resulting precipitate was
washed twice with dilute ammonia. '

(3) The weshed precipitate was boiled with 1 M NaOH contaiming H,0,.

(4) The precipitete was then dissolved in HCl and more vanadium carrier,
KaOH, and 3202 were added. The mixture wes bolled. _

(5) After centrifuging, the precipitate was washed and then dissolved in

© 6 MHCL. _ . '

(6) All iron was removed from the resulting HC1 solution by repeated

extraction with dlethyl ether.
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(7) The aqueous phase was mede 1 M in HC1 and 1 ml of 6% equecus cupferron
solution was added. The titanium cupferrate wes extracted into
chloroform. .

(8) The chloroform solution was washed twice with 1 M HC1l and then
evaporated and ignited into a pigeelain crucible.

(9) Tne Ti0, residue was dissolved in 1 M mitric ecid which was evaporated
to 0.5 ml to form the titanium test solution.

(10) The titanium concentraetion of the test solution was determined spectro-
photometrically using chramotropic a.cid'.(lsh)

PROCEDURE 11

Source: G. Rudstem, P. C. Stevenson, and R. L. Folger(lss)

Element separated: Titanium

Target Material: Iron

Type of bombardment: 340-Mev Protons

PROCEDURE :

(1)

(2)
(3)
@

(5)

(6)

(7)

(8)

The targets were dissolved in 12 M HC1l, or sometimes, 6 M I{NOB, containing
10 mg of Ti(IV).

From a 6M ENO5 solution of the target, titanium iodate was precipitated*.
(*Procedure 12, Barr, suggests using 0.5 M lC[O.j)

The Ti(Ioj)k precipitate was dissolved in dilute HCl contelning sufficient
Na.2805, or H2805, to reduce the iodete to lodine. )

Concentrated ammonia, or N‘I-I3 gas, was then used to precipitate T102-.

(III-.Lj gas was preferred.) '

The hydrous oxide was dissolved in 10-20 ml of 0.5 M ENOB and the solution
wag searenged with yttrium. This was done by adding 5 to 10 mg of yttrium
chloride or nitrate in very dilufe acid, adding 1 or 2 ml of saturated
oxalic acid, stirring vigorocusly, and digesting in a hot water bath for
severa.i minutés. The yttrium oxalate preclpate was dlscerded.

About 1 ml of saturated tartaric acid wes added to the resulting solution.
The solution was made ammoniacal and 5-10 mg of iron(III) and manganes(II)
chlorides were added. Sufficient tartrate prevents precipitation. The
golution was then Gubbled with 1?[28 gas and the resulting iron and manganese
sulfides were discarded. -

The solution from this searenge was made 1 M in HCl and about 15 ml of
cold 6% agueous cupferron was added. Standing in en ice bath 15 minutes
completed the precipitetion.

This precipitate wae converted to hydroue titanium oxide using ammonia.
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(9) The hydrous oxide was dissolved in 6 M HC1 snd the titanium again
precipitated as the iodate.

(10) The titanium lodate was dissolved in dilute HC1 a.nd ueso as in step (3).

(11) The final titenium hydrous oxlde precipitete was made by adding ammonia
to this solution, washing end ignlting to the weighable T102.

Note: This procedure was designed to separate titanium from an iron terget,

therefore, decontamination from Zr and Hf wes not determined.

PROCEDURE 12
Source: Donald W. Ba.r:r(lss)
Element separated: Titanium
Target material: Copper
Type of bombardment: 5.7-Bev Protons

Yield: 30%

Procedure: )

(1) The copper folils were dissolved in a minimum of concentrated HHO3
containing the desired carriers including_S mg of titanium as TiOE.

(2) The solution was adjusted to 1 M in HC1 and the copper was preclpiteted
with BZS' '

(3) Titanium was precipltated as the hydrous oxide which wes washed and
dissolved in HC1.

(4) Tartaric acid was added to complex the titanium, and an iron-manganese
basic sulfide scavenge wag performed.

(5) The titenium conteining solution was mede 1 M in HC1 and 6% aquecus
cupferron was added.

(6) Ttanium cupferrate was extracted into chloroform end washed with
1 M EC1.

(7) The chloroform solution was evaporated over concentrated I-[HO5 to

- eliminate any organic material.

(8) The resulting residue was dissolved in acid and mede alkaline to
precipitate '.'I'.‘:|.02.

(9) This precipitate was dissolved in 6 M HNOB, and 0.5 M KIOB wes added.

(10) The titanlum iodate precipitate was dissolved using HC1 and Na 3

(11) Titenium hydroxide, precipitated from this solution, was used for
counting.

(12) Spectrophotametric analysis of this precipltate, using the percxide
method in sulfuric acid, was used to celculate the chemical yleld.:
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PROCEDUEE 13

Bource: Seymour Katcoff, Brookhaven National Laboratory

Element separated: Titanium : Yield: 5-10%
Target meterial: Bilver Degree of Purification: good
to excellent .

Type of Bembardment: High enargy pi-otons

Time for Separation: U hours

Proceduret

(1)

(2)
(3)
(%)

(5)

(6)

(v)

(8)

(9)

()

Dissolve irradiated Ag target in 10 ml LN fmo3 containing 1 ml 27 M HF
snd 20-30 mg T4 carrier in a plastic centrifuge tube (solution should
be free of BOE icms).

Make 1 M in HC1 and centrifuge off the AgCl.

Add 5 mg Le'’, stir, and centrifuge off the LaP,. Repest.

Preaipitate Ba.z:'l‘s' by adding 5 mg Zr carrier, 1 ml Ba(mj)a solution
(50 mg/ml), and 1 ml 27 M HP. Ceatrifuge and repeat 3 more times.

Te the swpernatg sdd 10 ml seturated 1-131503 and excess conc. bEMOH'to
preoipltate hydrous T:I.OE. Allow to atand for 10 minutes end then
centrifuge. Dilasesclve in BCl, dilute to 15 ml. Re-precipltate '.I.‘:I.Oe,
centrifuge, wash, and re-centrifuge.

Dissolve in e minipum of saturated cxalic acid (~ &4 ml)., Transfer to
a DOWEX-1, X8, anlon exchange column, 100~-200 mesh, Cmm diam, 16 em
long. The column is prepared by washing with e solubion 1N in EO),

0.5 M in oxallc acid, and 0,035 M in !!20 ¢ Elute the T4 with this same
solutien. '
Precipitate hydrous Ti0, by adding L M XaOH., B8tir and centrifugs.
Dissolve in dilute HCl, re-precipitate, and centrifuge. _
Dissolve in HNO, and add fe mg V2 carrier. Precipitate T(10,),
with 20 ml of 0.5 M 15105 in 6N Hm5. Centrifuge. Dissolve by adding
10 m1 5 M HC1 and solid Naesoj.

Precipltate !l.‘:I.O2 with N‘.HhOH, centrifuge, and dissclve in 2 ml oone.
nm:.' Dilute to 5 ml and precipitate T:I.(Ioj)h_ again by adding 20 ml.
of 0.5 M HIO, in 6 ¥ HNO,. Centrifuge. Dissolvs &s in step 8.
Precipitete Ti0, with NH,OH, centrifuge, and dissolve in minimm € N HOL,
Transfer to a amall glees vial, dilute to e standard volume, and count with
e Nal well crystal.
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