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IHTRODUCTION

The group of elements with atomic numbers 58 through 71 are commonly
knwn as the rare earths., Element 57, lanthanum, though not possessing
3 M electron, is the first element to have the rare earth like sat 652
outermost electronic configuration and aammumtlyﬁm included in the
rare earth family by most authors. Emmum of its trivalent character,
ionic size, chemical properties, and existence as a major constituent
in many rare earth ores, the element ytirium is also included in many
systematlec studies of the rare earths. While most of the rare sarths
having odd atomlc rnumbers are quite scarce, 1t must be pointed out that
many members of the series are sufficiently abundant to permit production
in technical quantities if important uses develop. 4s a family, the rare
earth elements account for 0.01% of the igneous rock of the earth's crust.

At present, the grestest demand for opure rare esrth elements, other
than lanthanum, cerium, and perhaps neodymium, 1s for fundamental
scientific research. Since the rare eartilh atoms differ from each other
essentially only by the number of electrons comtained in the shielded Lf
subshell and the number of protons in the nucleus, their unigue physical
and chemical properties, such as lordc size, make them valuable tools for
testing many of the theories that have been proposed in physics and
chemlstry.

Bven though these slements sre relabively sbundant in nature, they
are usually found in quite low concentrations in thelr ores, and are
always associated uﬁh each other. Their similar chemical properties mike
it extremely difficult &arwﬁ*ga}.&m them individuvally in pure form by
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classical physical chemical methods such as fractlonal crysvallization
and precipitation. In recent years, however, ion-exchange techniques
have been applied with grest success to this separation problem, and all
of the rare earthes are now available in kilogram quantities with a purity
of 99.99% or greater. The ioneexchange methods which have proven most
successful involve the use of an organic chelating agent as the eluant.
The successful aaparatioﬁ of the rare earth elemenis by such a method
depends for the most part upon the differences in the stability of the
complexes formed between individual rare earth elements present in a
given mixbure and the chelating agent in the eluant.

The research described in this thesis was undertaken in order to
accomplish two main objectives. The first objective was to measure
carefully the stabillity of the complexes formed by each of the ﬁrivalent
rare carth cations with ethylenediaminetetraavetic acld, abbreviated
EDTA, and with N-hydroxyethylethylenediaminetriacetic acid, abbreviated
HEDTA; both of which are known to form quite stable metal chelates. Such
a series of constants would provide both th&aﬁatic&l informablion concerning
the influence of the size of a cation upon its physical'and chemical
properties, and also would indicate the effectiveness of such a chelating
agent in separating the individual rare earths by ion-exchange or other
means. The second objective of this research was to find methods for
using the two chelating agents in conjunction with an ionwexchange resin

for separating the rare earths.



MEASUREMENT OF THE STABILITY OF THE RARE BEARTH COMPLEXES
WITH ETHYLENEDIAMINETETRAACETIC ACID AND WITH
R-HYIROXYETHYLETHY LENEDTAMINETRIACETIC ACID

Historical Review

When a metal ion combines with an electron donor, the resulting
substance is said to be a metal complex, or coordination compound., If
the molecule which combines with the metal contains twe or more donor
groups, one or more rings are formed. The resulting substance is called
a chelate compound, and the donor containing molecule is said to be a
chelating agent. The electronwpair bond formed between the metal and the
donor group may vary in type from esgentially ilonic to essentially
covalent, depending upon the metal and the chelating agent. Morgan and
ﬂrQW'(l) were the first to use the term chelation to describe this type
of coordination structure.

The chelating agent ethylenediaminetetraacetic acid, which has the
structural formula

HOOC - CHy | _ CHg = COOH
“>NeCHp = CHy = N
HOOC = CHp CHp - COOH

ﬁas prepared first by Fick and Ulrich (2). These authors describe a
method in which ethylenediawmine and hydrogen cyanide are reacted with
formaldehyde in agueous ﬁulnﬁidﬁ at a pressure of one almosphere and
room temperature to give the tetranitrile, which can then be converted to
EDTA or its tetra aadium salt by aeidic or basic hydrolysis, |
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NeHydroxyethylethylenediaminetriacetic acid, with the structure

HOUG = CHp~ | _CHy = COOH
N - CHy = CHy = N_

HO - CHp = CHp CHp ~ GOOH

was first deseribed by Chaberk and Bersworth (3) in 1953. These workers
have not as yet published a description of the method used for the
preparation of this compound. Only two papers have been published
describing any of the chemisiry of HEDTA.

There are a great many methods which varioug workers have used to
show evidence for the existence of metal chelates, WNo attempt will be
made to review all of these, but a few which apply to EDTA and HEDTA
complexes will be brisfly described, This section contains only those
methods which have heen uaéd in a qualitative manner. The methods which
have been used to glve & quantitative measurement of the stability
constants are described in a later section.

The isolation, purification, and chemical analysis of crystalline
compounds is a widely used method of indicating the presence of chelates,
Britzinger, Thiele, and Miller (L) were able to iaalaté some lavenderw
colored crystals which a chemical analysis showed to be the tetrahydrate
of sodiume{ethylensdiaminetetlracetato)~cobaltate IIl. Strong evidence
for a hexudentate chelate structure was obtained when dehydration of the
lavender~colored crystals at 150°C removed all of the water but did not
change the color.of the crystals. 1

A second method for detecting the formation of metal chelates is
the alteration of the normal chemical behavior of a metal ion in solution.
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For example, calclum carbonate will not precipitate from a solution
containing calcium ions when an excess of the sodium salt of EDTA has
been added, Oxalate will not precipitate calcium from a calcium-EDTA
complex in a solution whose pH is above 10, Dimethylglyoxime will not
precipitate nickel from the nickel-EDTA co&pla«x in & solution of pH 6.5.
Chaberek and Bersworth (3) report that the iron III-HEDTA chelate is
stabilized against hydrolysis to the extent that the chelate is completely
gtable against alkali hydroxide precipitation.

The ¢olor of chelate compounds is generslly accepted as being so
significant that colors are carefully described in 'reports of chemical
investigation of these substances. The intensification of color is
vsually considered an indication that a chelate is present. These color
changes were strikingly illustrated during the preparation of ome of the
solutions for this research. The color of a copper II chloride solution
changed from blua-gz'een to 8 very deep blue upon the addition of the
disodium salt of EDTA. Moeller and Brantley (5) have shown that essential-
ly all of the sbsorption bands in the neodymium spectrum are altered by
the presence of EDTA, the most striking effects occuring in the 5780 4
regibn. Similar effects were also ‘roﬁiid‘ in the spectira of tripositive
gadolinium, holmium, and erbiume

The effective disappmranm of i&w in sclution by the formation of
metal chelates may be followed by electrical~conducltance measurements.
Hartell (6} used this method to follow the titration of ethylenediamine~
tetraacetic acid with sodium hydroxide and with calcium hydroxide. He

found that with the sodium hydroxide titration, a simple minimum was found



utr peoerdstp 81 sdnoad TLxoqaed 8y JO U0 UOTUM UT f5amqonans 9BuUle)TE
Ue 0F UTeX1S JO TesD DPOOS ¥ SATCAUT PTNON SJNGONIIS ® UONS Se{Beyd J50W
ul c*sdnoxd pixoqred Jnoy T puv ewoqe usfoxitut yyog BuTTITIIN ‘uoTqRa
~nITJUos TRAPIYRIDO UR ge UAOYS ST SINGONIIE IGBIUSPENSY OYJ *DOATOAUT

uoy Terew o13toede syy uodn Butpuedep ‘quele BuTqwyreyd sjwiuepexey IO

‘~pquad ‘=-Ba999 ¥ S8 SAJOS 09 VIOY JO uUoTU® @y Jo¥ eralssod 8T 31

VI(H JOo sexaidumos Te1oW o3 JO SANjONA1E DUP BINFE

'ueacxd 97 93RTOUD B JO 9OULLYTXS 8yl 1Byl Surqels
aloyeq erqrseod sw eouwpTAP quopuedapUT YONW S® SUEEEUS 0F fHJ0IOIOW}
‘fapssedeu s1 31 *eesed owos U ofqrssod oxe uouswousyd TeoTmeyd TeoIsdiyd
83 Jo suoljersadasqul eqeiioqTe ev ‘poqlIosep uSeq LAWY YOIum spoyjeum
eys Jo omq edeyxsd a0 su0 Jo BISRQ 4 UO UOTIEMJIOY og¥Teys Juremesw

ut Joxde ut eq uiim Jogedrgeeaut ue 3EU} no pegutod eq prroys 4f
*oute ewes oyy ATTeoraswad Jo Jsyjoue YITM UOT JUSTEATY
suo Jo quaweverdss oyq UT ©3TNEDT SPTXOIPAY WNTOTED JO UCTLITPR® ouy
9sNwoaq UOTIORSI PUCOSE. YT mﬁwuﬁw que3suco ATTeoTa0vad SUTBWAL ©IUBIONPUOD
Yl *UOTIIMAX UOTARTAUD B Lq PesOTTO] ‘uUcIyoBal UCTIEZTTRJIINGU
s1dmis » Butarosur ge pejexdrequy oxe aaﬁgmak;gsﬁuﬁsu ayy *ap1XoIply
TMTOTE? JO OTOW TTRY ® JO UOTRTPPe 2qeTduos eyy Jeqfe TTIUN S0URIONPUOD
| Y] 09BLIOUT 40U PIP PTXOJPAY EWNTOTED JO UOCTRTIPPE JOWIINT ‘pemiol ses
3IB8 PIORID UNTITRD~OUCH UF 90U) *J9)38T Oy JO enyes wWmETUTM SYj 03
eAIMO ApTXOIpAY umypos eyy pereTreJed sprxoxply wntores U3TH UOTIRIITY ey
JOF SAIMD SHWRONPUOD 8YL *padnTeus L1ducxiy 40U gem UOT TVIOW Oyl 99Uy
pur aoerd uexmy pey uoTgezTTEIineu aTdmte B eyl Surmyeorput fpeppe esuq

Jo syueTeATabe eyy JO UOTIOUNT ® ev PegqoTd £9M SOUEONDUOD SUY USYM

g~



o

the coordination sphere by a water molecule or some other donor group,
has been postulated. The literature indicates that elther structure may
exist, depending upon the specific ion involved and the conditions of the
solution.

Pfeiffer and co-workers (7,8,9) have dgacribadktha preparation and
scme of the physical and chemical properties of compounds that are formed
between EDTA and the alkaline earth elements and copper, At about the
same tice, Brintzinger and co-workers (l,10,11) conducted similar experi-
ments with EDTA complexes of some of the heavy metals, some light rare
earths, lithium, beryllium, thorium, and wranium. Both of these workers
attempited to elucidate the nature or structure of the various compounds
which they had prepared on the basis of physical properties, stability
toward various precipitating agents, solubility, and color. Hrintzinger
reported the preparation of the tetrahydrate of sodium~(ethylenediamine~
tetracetato)-cobaltate III and found that the color of the deep lavender
crystals was not altered by complete dehydration at 150°C. Such a color
stability is good evidence that EDTA serves as a hexadentate chelating
agent and that water is not involved in the primary coordination structure.

Schwarzenbach (13) prepared a number of cobalt III complexes containing
pentadentate EDTA and a second donor substituent. The removal of the
second group then ylelded a hydrate of the hexadentate complex. It was
demonstrated that when a water molscule is actually coordinated, a
reversible color change from red to blue takes place as the pH is increased.
This is attributed by Schwarzenbach to the conversion of the monoaquo
complex to monohydroxy complex. The monoaquo species may be converted
into the red hexadentate species by boiling, as evidenced by the fact
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that the reversible color change no longer occurs.

Perhaps the best evidence for the existence of a cobalt III cemplex
iﬁ which EDTA is hexadentate has been found in the infrared spectrum of
some pentadentate and hexadentate species by Busch and Bailor (12). They
prepared the pentadentate complexes bromo-{ethylenediaminetetraacetato)-
cobaltate III, and nitro-{ethylenediaminetetraacetato)-cobaltate III.

The hexadentate complex was prepared from the bromo complex by
triturating with silver oxide. The infrared spectra for the pentadentate
complexes exhibited two carbonyl bands. The stronger band was atiributed
to the presence of three coordinated carboxyl groups while the weaker
band was agsociated with the free carbonyl group. Only one carbonyl band
appeared in the infrareé,spectrum of the hexadentate chelate, thus
indicating the equivalence of the four coordinated carboxyl groups.

Klemn and Haddatz (1) measured the magnetic susceptibility of the
nickel II-EDTA complex which Brintsinger and Hesse had prepared. Since
the salt was not diamagnebic but exhibited paramagnetic properities of the
same order of magnitude as the uncomplexed nickel II ilon, and since the
salt was blue, these authors concluded that the complex was either tetra-
hedral or ocitahedral rather than the covalent planer type and was predomi-
nately ionic. Two years later Klemm (15) published data on the magnetic
properties of the EDTA complexes with iren III, cobalt III, and chromium
IXI. The data on the chromium complex were inconclusive because the covalent
and ionic complexes have the same susceptibility. The iron III complex
was found to be ionic and the cobalt complex was found to have covalent

octahedral bonding.
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Work on the iron III e@mplax of EDTA indiecates clearly that in the
case of the complex FeY™, where ¥ is used to indicate the various .
anionic species of EDTA, there is no free carboxyl group present. Jones
- and Long (16) prepared the solid compourd HFeY of high purity and concluded
from an analysis of C, H, N, and Fe that there was no water in the
coordination sphere of the acid., This fact was confirmed by a titration
of the acid with standard base. The authors point out that HFeY behaves
exactly like a completely strong monobasic acid to pH 7. However, at a
higher pH a second inflection ovcurs, accompanied by a color change due
to the formation of the deep orange Fe(OM)Y=2; indicating that Fe(OH)Y~2
is probably pentadentate. This was pointed out esarlier by Schwarzenbach
and Heller (17) who indicated that the iron III complex, Fe(OH)pY3, as
well as the iron II complexes, Fe(OH)Y™ and Fe{Qﬁ)afmh, can be formed.
These hydroxo complexes are formed by the stepwise decomposition of the
hexadentate complexes, with hydroxyl ions replacing the carbonyl groups
in the coordination éphars of the metal ion., Schwarzenbach and
Biedermann (18) report the formation of hydroxo complexes with Al III and
Cr III at high pH values,

At the present time, no direct investigation of the structure of
diffraction has been reported. When such studies are made, the true

nature and structure of the chelates will be betler understood.
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Methods which have been used to determine the stability constanis of the

EDTA and HeDTA couplexes

Potentiometric (pH). The pH of a solution is always directly affected

by chelate formation because all chelating agents are either acids or
bases. Consequently, one of the most widely used methods for ithe determi-
nation of chelate stability constants has Leen the potentiometric

neasurement of the hydrogen ion concentration of a reaction mixture,

Method A, Schwargenbach and his co~workers (19,20) have
determined the stabllity of the complexes that are formed between the
alkaline earth metal lons and EDTA. The process involved the titration
of EDTA with stendard potassium hydroxide in the presence of a fifteen-
fold excess of an alkaline earth metal lon,. The titrabions were carried
out at a constant ilonle strength in the presence of 0.1 ¥ potassium
chloride. The pH was measured from the potential of the hydrogen
electrode versus the silveresilver chloride electrode. In order to
satisfactorily explain the titration resulis which were obtlained in the
presence of excess calcium II, it was found necessary to assume the
formation of complexes between calciwm I and two speciiic anionic species

of EDTA according to the equationt

e . HQI”Q === Y™ 4+ Ht (1)
and

W2+ B3 = wr? + B* . (11)

The two desired stability constants were defined as follows:



Ky = 0]
YIS

(1)
and

fu] [x] -
Schwarzenbach proposed a graphical procedurs for computing these stability
constants from the total concentration of EDTA, total concentration of the
specific alkaline earth present in solution, the amount of KOH added, and
the pH of the solution. Martell and Calvin (6) have proposed an algebraic
method which accomplishes the same objective.

This method proved &atiaf&ct@ry for measuring complexes of low to
intermediate stability. For very sirong complexes, such as those formed
with the rare earths (21), the eguilibria in equations I and II lie too
far to the right to permlt accurate calculation of the equilibrium

concentrations of the various ionic species from the pH measurements,

Method B. Viekery‘fzé) used a modification of the above
procedure to determine the rare searth-EDTA stability constants. The
titrations were carried out at 20°0 in 8 sclution whose ionic strength
was adjusted to a value of 0,10 with KCl. The solution pH was determined
by a saturated calomel-glass electrode system. The gonstants were
calculated from the pH titration curves by & modification of Bjerrum's
stepwise equilibrium theory. Vickery has been eriticized (21,23) for
errors in this particular paper. He defined the stability constants by
the equation

Ew [mj
(u] [ay]
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It has been pointed out by eritics that complexes of the composition MHY,
containing a proton and a rare earth cation simultaneously, do not occur
in the eguilibrium mixtures. In spite of the obvious errors in the
paper itself and the large experimental errors involved in determining
the stabllity constants of very stable complexes by direct methods, the
constants reported by Vickery are of about the right order of magnitude

indicating that squation (16) must have been important in his calculations,

Method Ce The simple titration yrac@duré described under method
4 has been considerably modified by Schwargenbach and his co-workers
(2L, 25,26) so as to be applicable to the measurement of the stability
constants of very stable complexes., This method involves the use of two
chelating agents compebting with each other for possession of a heavy
metal ion (M) and 2 second auxiliary metal (Me) which forms a very stable
complex with one of the chelating agents but does not complex with the
second chelating agent. 8ince this method was employed in the present
research to measure the rare earth complexes that are formed with EUIA

and with HEDTA, it is described in 2 later section.

Potentiometric (ﬁadox). Two general types of non-pH potentiometric

ﬁethoﬁs have been used ifo determine chelate stability eonstants. In one
method, the oxidized or reduced form of a calion is potentiometrically
titrated with an oxidizing or reducing titrant in the presence of an
excess of the chélatiﬁg agent. The second method involves measuring

the emf of a cell in which the cell reaction can be directly related to

the formastion of the desired chelsle,



Py &

Miethod A. Sclwargenbach and Heller (17) made a study of the
oxidation-reduction equilibrium systems for the EITA complexes of irem II
and iron III. The procedure involved the use of a gold electrode to
follow the titration of iron II sulfate with iodine in the presence of an
excess of EDTA. All measurements w&ré conducted at 20°C in soluiione
whose ionic strength was maintained at 0,10 with K0l. Various buffer
systems were used in order to extend the investigation to pH values
ranging from 2.3 to 8.h. By using a rather complex graphic and algebraic
analysis of the experimental data, Schwarzenbach and Heller were able to
‘calculate the stability constants for the normal irom II and iron III
complexes, FeY™2 and Fel™, They also calculated equilibrium constants
for the reactions by which the various hydroxy complexes are formed from
Fel™ and from FeY~Zs

m?l=E¢thod Bs In a recent series of papers, Curnie and Martell
(27,28,29) have described a method for measuring the true thermodynamic
eqéiliﬁrium,¢anstants for the reactions between ﬁ*a(aq) and X”&(aq) where
#*2 is an alkaline earth ion and Y% is, of course, the anion of EDTA.
The experimental maﬁhmdlewnsiata of measuring the hydrogen-ion activities
in soluticns consisting of an alkaline earth metal ion, EDTA, and an inert
supporting electrolyte, under eguilibrium and reversible conditions. This
was accomplished by measuring the emf of the cell,

Pt-Hp, K*(m), ﬂ&ﬁ(m§3, C1 (m3)» Ehxn”h(mh), AgCl=Ag, where n may be
varied from O to 2. The emf data is taken for various cell temperatures
from 0 to 30°C and various concentrations of m, Bos By and my. It is
required that the ratio (my *2){mﬁnfm”&} s (myy-2)(mg1«) be constant by the
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method employed to extrapolate the emf data to infinite dilution for
each'exparimantal temperature. The standard free energy change, & F°,

was calculated at each experimental temperature for the reaction
©2(aq) + T (aq) == ur-?(aq)

from the extrapolated data., The extrapolation was made with the
Debye-Hickel limiting law and the values of A H°, A §°, and the

thermodynanic equilibrium constants were calculated by the usual equations.

Polarographic, Two general methods for the determination of chelate

stability constante are known in polarography. The first method evaluates
the stability constant in terms of the diaplacamén% of the half-wave metal
reduction potential that is produced by the addition of a chelating agent
to the metal-ion solution, This method can be applied only if the
electrode process is reversible and the equilibrium between the free metal
ions and the complex is completely mobile. If, however, the rate of
formation and dissociation of the complex is sufficiently low, then
although thm}aquilibrium in the vieinity of the electrode is disturbed

by the electrode process, the restoration of the equilibrium does not
‘procaad at a sufficient rate to contribute to the wave height, In thias
case another method can be applied because the Iree and complexed ions
almost always have different electro-deposition potentials and thus give
rise to separate waves. The height of each wave is proportional to the

concentration of the ware-producing species in the sclution.

Bethod A, As was previocualy stated, the characteristic half-

wave potential (El/é) of & simple metal ion is shifted when the metal ion
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is complexed by a chelating agent. The magnitude of this shift varies
with the concentration of the chelating agent. Thus, by measuring the
shift of Ey/p values as a function of the concentration of the chelating
agent, it is possible ﬁé obtain information concerning the formula and
stability of the metal chelate. If the oxidized form of the metal ion is
denoted by Ox, the reduced form by Red, the chelating agent by X, the
coordination number of the oxidised form of the cation by p and the
reduced form by ¢, the following equations and their respective stablility

or equilibrium constants can be writiens:

Ox + pX = OxX,

Red + ¢ == Red xq

and

g w[0%Xp] (3)
{ﬂx] xP

{Réd“x j_
Kpoq = b 094 .
Red [Red] [x]? @)

If equations (3) and (4) are solved for [0x] and [Red] and these values
are substituted into the welleknown Nernst equation, the following is
obtaineds |

E = E° - 02059 log Kﬁedm[axxggmcqu> . (5)
n Ky, [Red Xg] [x]P

Equation (5) csn be simplified by remembering that the half-wave
potential, El/ép is the potential at which half of all of the oxidized

form which reaches the electrode is reduced to the corresponding reduced
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form. Therefore, whens

E= gl/?

{Mp}w[fw& 1&]

and equation {5) reduces to
. 0,059 .  Kied pyage i
Byg = B + == Tog g=C 28 LA (6)

Equétimn (6) shows that the half-wave potentisl is a function of the ratio
of the two stability constants, the number of groups coordinated to the
oxidized and reduced ions, and the concentration of the complexing agent.
Equation (6) can be modified in a variety of ways to give the desired
results. If equation (6) is differentated with respect to log [X], (p~g)
values can be calculated from the slope of the straight line obtained by
plotting measured values of Ej/p versus concentrations of X, expressed as
‘log [X]. The ratio Kﬁx/Kﬁ&d>e&n be calculated from equation (6) by
substituting the experimental value of Ej/p found at [X] = 1 and solving
the equation. Thus, if one constant is known the other can be calculated.
In the special case, when the complex is reduced to the metal amalgam at
the mercury cathode, no reduced form of the complex exists, so egquation

(6) can be siuplified to give equation (7).
E}l/g = EP :ﬁﬁf log Kgy (7

Equation (7) gives the single stability constant directly in terms of the

value of E1/2 when the concentration of the uncomplexed chelate is unity,
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Using a modification of this procedure and a sireaming mercury
electrode, Koryta and Kossler (30) evaluated the nitrileotriacetic acid
complexes of cadmium, zine, and lead at various ionic strengths. 4An
attempt to measure the EDTA complexes of the same metal cations falled
baeaﬁae the constants were more stable than the upper limits of the
polarographic method that was used., In a later publication, Matyska and
KBssler (31), using a slightly different modification, evaluated the

formation coustants of three mercury EDTA complexes, Hgi”z, HgHY™, and
Hgony=3 at 20°C and an ionic strength of 6,10,

Kethod B, The basic principle of this method was stated in the
polarographic introduction. In a solution containing free ions and
complexed ions, each species is reduced at the mercury electrode at a
different potential. Thus, each species will contribute its own individual
wave. The height of the wave, which is a reflection of the electrode
diffusion current, is & direct measure of the concentration of the species
in the solution. The polarograph serves merely as an analytical tool for
measuring the concentrations of the reactants and producis ¢f a chemical
reaction. This method was used to measure the HEDTA and EDTA vomplexes
of the rare earths in the present research. An exaci description of the
procedure and a derivation of all of the equations are presented in a
later section of this thesis.

The mechanism of the reaction between copper II and the cadmium-EDTA
complex was studied by Ackermann and Schwarsenbach (32) using the above
method. They found that the reaction proceeds simulianeously via four

different reaction paths brought about through the collision of the
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copper II lon with QdY=2, CAHY™, ﬂi""% and EQI"‘Z which are all in permanent
equilibrium with each other.

The EDTA complexes of titanium III and titanium IV have been studied
by Blumer and Kolthoff (33). They report that complexes of the pmbabl@
formala TiY™ and TiY are formed at pH values less than 2.5. At higher
values, the electrode processes are irreversible and dependent upon the
solution pHe The authors assumed such pH dependence to be caused by the
formation of hydroxy complexes. & value for the stability constant of
‘t.&m TiY complex was calculated,

Pecsok and Maverieck (3h) found that the titanium III and titanium IV
EDTA complexes yield well formed reversible polarographic waves, Below
pH 2 the half-wave potential is independent of pH and above 2.5 the
dependence is linear. As the pH is increased, the waves become more
irreversible, the diffusion currents are dimminished, and the solution
becomes colloidal. They found that the diffusion current of the wave is
a direct measure of the concentration of the complex in the presence of
gither an excess of ititanium or of EDTA. Measurements of the pH, total
titanium, total EDTA, and the diffusion eurrent indicate that TIY is
reduced to TiY™ below pH 2. The stability constants for the complexes
Ti¥Y™, TiOY™2, and TiY were calculated from known total EDTA and titanium
concentrations, and four acid dissociation constants of EDTA, and the
diffusion current data.

A series _ef stability constant ratios have been evaluated by Bril
and Krumhols (35) using a displacemect methol. They investigated the
systems copper-EDTA with x;ick,al, lead, cadmium, and ginc; cadmium-EDTA

with gine; and lead-HEDTA with zine. From the polarographically measured



equilibrium concentration of the metal ﬁ*z and the known total analytical
concentrations, an equilibrlium constant can be calculated for equation

(1I11),
He*? 4 wy-? == MeY~2 4 ¥*2 (11I1)

This equilibrium constant is, of course; the ratio of the two individual
chelate stability constants. All measurements were carried out at 20°C
and in solutions maintained at an ioniec strength of 0.10 with KO3, Actual
tharmodyﬁ&mia constants were determined by extrapolating the data to
infinite dilutions.

This polarographic method has been used very extensively by
Schwargenbach and his co-workers (36,37) to evaluate heavy metal stability
constants of EDTA and also of cyclohexanediaminetetraacetic acid (CDTA).
They report measurement of the stablility constants of the vanadium complexes
VY2, VY™, VHT", V(OH)T"2, VOY"2, and VOHY". A second paper reports the
measurement of the stability constants of thiriy one wetals with EDTA
and twenty five metals with CDTA. The procedure used was identical to
that used to measure the rare earth stabllity complexes in the present
research except that Schwargenbach used several auxiliary metals in place

of the single metal, copper, which was used in the rare earth research.

Spectrophotometric. The stability of the EDTA complex with iron III

has beern cdetermined by Kolthoff and Auerback (38) from spectrophotometric
measurements at four different wave lengths in the 370 to LOO milli-
micron reglon. Because of the great stability of the iren III chelate,

it was found necessary to make the measurements in 0.6 to 1 molar
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perchloric scid so as to suppress the ionization of 6&2 and ﬁ;f“ and
prevent ithe reaction from going to completion with all iron in the form
of a chelate. The aonc@n%raﬁiaa of the uncomplexed iron III was determiw
ned by the difference between the known total iron concentration and the
spectrophotometrically determined equilibrium concentration of FeY™, The
concentration of X“h was computed from the known total EDTA concentration,
its fowr acid dissociation constanis, and the pH. This data enabled the
authors to calculate the desired constant from the eguation

J[Rrl o rer]
Rl TR B S Ny

Because of the necessity of using highly acidic solutions, pHR measurements
and the caleulated equilibrium concentration of T4 were subject to
considerable error. The error was, of course, carried over into the
final stability constant calculations.

Martell and his co-workers (39,40) have employed a competition
reaction method to determine the stability constants of several heavy
metal-EDTA complexes. The experimental method consisted of reacting
equal molar amounts of the complexing agent and two cations. Thus,
assuning the usual 1:l ratio, only half of the total number of metal ions
are complexed. Depending upon the varicus buffers that were employed,
the uncomplexed form of the metal either remained in solution or
precipitated out as a solid phase. In some cases, several weeks of
constant shaking were required to insure equilibrium with the solid
phase. The individual reactants and producis were determined by spectw
rophotomstric analysis.



Only wtabiliﬁy constant ratios could be determined by this method.
However, if one of the constanis was known independently, then the other
one could be caleulated from the ratio. The results reported by the
authors do not agree very well with the constants obtained by other people.
Iwo possible sources of error are immediately obvious., The existence of
a solid phase in the reacting mixture introduces many complications which
are not very well understood. 4lso, no correction was made for possible
complex formation between the free cations and the buffers used to

maintain a constant pH value,.

Radioactive exchange. In an acld solution, the complex ion Myl-B,

formed from a metal ion and the conjugate base of a weak acid, will
undergo partial dissociation due to the formation of some undissociated
free acid. If the lonlzation constants of the weak acids that are formed
are known, the stability comstant of the chelate complex can be calculated
from the concentration of ¥'™™ fons present in an equilibrated %Yh““
solution of known acidity. The W™ jon concentration can be determined
by use of a radiocactive indicator. It is necessary thal the exchange of
the uncomplexed ions with the complexed ions take place slowly. This is
usually true for highly stable chelatles.

In the procedure used by Cock and Long (L1l) to measure the stability
of the nickel II-EDTA complex, Ni*? ions are added to an scidified and
equilibrated solution of ﬁii”zg prepared from nickel containing some K163.

In such & mixture, the exchange

fiir2 4 w142 —= yiy-2 4 fa*2
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takes place. Aligquots are removed from the resulting mixture at measured
time intervals after mixing., The uncomplexed ions in the various aliquots
are immediately separated from the complexed ions by a rapid hydroxide
precipitation of the nickel II ilons and the specific activity is wmeasured.
The increase of the specific activity with time is a function of the
moles of added Ki*ﬁ and of that present as such in the original solution
bafora‘mixing,

The fraction of exchange, %X, in each aliguot i given by the ratic
of the specific activity of the separated ions to that of the separated
ions from an aliguot removed from the reaction mixture afier equilibrium
has been reached, i1.e.4

Xy, = ng .

& plot of log (1;3t) against tinme, extrapolated to zero time, gives the
value of the instantaneous exchange, Xeys the exchange due to mixing of the
ﬁiaaoniateﬁv§ﬁ*2 jons from the complex with the inactive Ni*2 that are
added.,

If [Kirja represents the total of the complex ion in the original
solution, <X the degree of fractional dissccliation of the complex ion,
A the total moles of nickel atoms in the original solution and B the
total moles of added nickel ioms, the relationship between o< and xp is
given by the equation

o(aww
A(l-xg) + B

In the original equilibrated complex ion solution,
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(N3] = [¥] + [HY] + [Ho¥] + [H3Y] + [HY] = [Y] #
where f =1 + [K] Kpy + (}:f]2 g&g‘.‘t + [H}3 EH_;Y + {H]h 'ﬁ‘}mx

and

[M]= o< [ﬁif]a
Two other equations can alsdé be writtens

v ,.,ij . < [mx)p
{x] " ——

and

[NiY] = {lec) fKiY:(
1+ [H)/K

The term K, represents the second ionization constant of the weak acid
HoNiY. .Xt is necessary because the species HNIY™ wmust be considered.
The above equations can be combined to give equation (8) from which the
desired constant can be obtained

Kﬁ iy M{HiY] (l"" °<) g

[Ni] m o<? [§iY])y A = [H]/x&) . (8)

Cook and Long reported a value of 10 for the nickel II-EDTA
stability canatani. This value does not compare too favorably with the
value 6£ 1013‘&5 reported by Schwarszenbach and Freitag (26) for the same
complex. ﬁaingka similar procedure, Jones and Long (42) obtained a value
of 1Q2h for the iron III-EDTA stability constant. This is a little lower

than the value of 1025 reported by Schwarzenbach and Bledermann (18).



Ion exchange. The ion~exchange method depends upon the fact that
the quantity of a cation bound to a definite amount of cation exchanger
at equilibrium is proportional to the concentration of free cations in
the solution over a wide range of concentraltions. This proportionality
holds true even in the presence of a chelating agent.

Fulda and Fritg (L3) have determined the stability of the chelates

formed between HEDTA aﬁé wranium VI, caleium II, zirconium IV, thorium
IV, and lanthanum III by an ion-exchange method.

A solution contalning the metal ion and a known excess of chelating
agent was intimately mixed with & known amount of cation~exchange resin
for a pericd of three hours. &t the end of the equilibration period, the
exchange constant (slope of the adsorption isotherm) for the metal with
the resin was determined by analysis of the liquid phase for the metal
by an appropriate method., In an exactly analogous manner, the exchange
constent in the absence of a chelating agent was determined. Then the
gtability constant for the metal complex was ecaleulated from the eguation

X = .”iifi@Zmim*
[v-3]

where Ap = the distribution constant when no chelating agent is present
A = the distribution constant when chelating agent is present.
The experiments were carried oubt at room temperature and with solutions
adjusted to an ionic strength of 0.1 with KCl. Since A and A, were
measured in two separate a@iuti@na, it was essential that the ionic strength

of these solutions be adjusted to the same value.
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Derivation of the Experimental Mcthods Used to

Measure the Stability Constants

The stability of the complexes formed between each of the rare earth
cations and the anions of two separate polydentate organic chelating
agents has been measured. These measurements have been accomplished by
the use of two separate independent experimental methods. Because of
the similarity in the types of rare earth chelates formed by EDTA and
HEDTA, it is found that the equations which describe the EDIA systems
are directly applicable t¢ the HEDTA systems. Therefore, the two
experimental methods will be derived in terms of the EDTA systems. It
should be remembered that the same egquations, except for a change of

one in the ionic charge of a few of the ionlc species, describe the HIDTA

chelate formation equally well. . W

N

The potentiometric method

If equal molar quantities of the co;ﬁper complex of EDTA, mzm, 8
rare earth sall, E{}ZLB, and the trihydrochloride of @ , B!, p*’
triaminotriethylamine, ﬁ(CHg-Gﬁg«HHE)y designated as "iren", are mixed
together, the r@aétian shown below takes place (26).
+

Cuy~2 tﬁgtr@n*s + M““3 = " + Gutren““2 + 3H (1v)

If such a mixture is titrated with NaOH, three formula weights of the base
are used in a buffer region between pH L and 5.5.
The tri-(f -aminoethyl)-amine, "tren", is a strong triprotonic base

with pX values of 10.29, 9.59, and 8.56. These ionization constants
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can be expressed as followsy

. [Hytren]

3 , 2 Kitron * Kgotran * Buatpen = 10 (9)
KBﬁmu {H] ‘[tmn} Hiren Hptren ﬁ3tren

The amine, Yiren", forws & very stable complex with the coppsr II ion
(Lh).

. [Gaisrenj B LD (10)
[Cu] [tren]

Ksutmn

This stability constant was determined from the equilibrium constant of
reaction (V) which exhibits a buffer action in the pH range 3.9 to lie8e

cutl. 4 HBtren*"B.‘.——_: Cutrent® 4 3H* (v)
, ‘

Because of the greater prétm affinity of the base “tren" compared to

the anion "Y%, the complex Cutren'? is less stable than the complex

cur™? in a pH range below 8.5. If NaCH is added to an equivalent mixture
of cu¥*? gnd H3tren“'3, a buffer region is observed in the pH range 8.5

to 9.5 dui*ing which the éepger exchanges from the "Y® to the "tren®, Such

a reaction is expressed as follows:

N i
3

our? 4+ Hytren*=== Cutren*? + Hr™? 4+ 2m* . (v1)

If a second catdon capable of being complexed by the chelating
agent "Y" is added &uring the neutralisation, not only two, but three
hydrogen ions can be nﬁutmli‘zed in & buffer reglon much lower than that
observed for reaction VI. If the second cation ig & rare earth, the

buffer region exists between pH L and 5.5 and the reaction is expressed
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by equation IV. The chemical reaction expressed by equation IV is the
basic reaction involved in the potentiometric determination of the rare
earth-EDTA stability constants,

The eguilibrium constant for resction IV can be expressed as

followsy

Koo = {MIiuﬁﬁui&en]_[Ejé;* - géé%éen B S (11)
‘ {cuY] [Hytren] [K] gﬁ3traa;xﬁﬁ¥?

The quantity "a® which will be uaeé aabséqueﬂtly; denotes the number of
equivalenis of sodium hydroxide added to the reaction expressed by |
equation IV per mole of rare earth in the solution, Before KIV can be
6a1cu1ated, the equilibrium concentration of five of the six concentration
terms expressed in equation {11) must be evaluated. The hydrogen ion
congentration is measured directly.

Five material balance equations can be written as follows:

[Cul]y = ¢ = [Cutren] + [CuY] + [Cu] (a)
[, = ¢ = (4] + [ren] + [u] ()
[¥]y = ¢ = [cur] + (] + [HY] + [HyY]
+ [Hyx] + [Hr] + [¥] (c)
[tren], = ¢ = {Gutraqj + [ﬁhreaj + [Hytren] (12)
+ [Hotren] + [Hiren] + [tren] (d)
[Hjt = ¢(3~a) = [ﬁj +;3[33tr@nj~+ 2[ﬁatrenj
+ [Htren] +.h{ﬁa!j + 3[HgY] + 2[Ho¥]
+ fHYj . : (e)
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These five equations express the concentrations of all possible species
involved in the reaction represented by equation IV. As will be
demonstrated later, many of them are insignificantly small and can be
neglected,

If equation (9) is solved for [tren] and this value substituted

into equation {10), the result can be expressed as

{aﬂ] . {Cﬁtr@ﬂ] [H:}3 gﬁﬁtren
Kgutren [Hgtren]

¥

which can be substituted into equation (12a) to give the following:

[Culy = ¢ = [CuY] + [Cutren] + [Cutren] {H? ﬁﬁgbyeﬁ
Kgutren [H3tren]

or

[cu], = ¢ = [Cu¥] + < [Cutren] (33)

where o =1 + 5333 K%;ﬁran

[ﬁatren] Koutren

The rare earth stabilily constants and the copper-EDTA constant can

be expressed as followsi

. [utren]
Kitren = , '
Mtren (1] [iren] (15)
Kﬁf = {WJ (3.6)

(] [1]



and
| - [our]
[ou] [¥]

When equation (15) is solved for [Mtren], equation (9) for [tren], and

Kouy . (17)

the two results substituted into equation {12b), the latter eguation

can be simplified to gives

| [u]y = ¢ = [ur] + [u] + Mtren (M] [Hytren]

‘Hytren W]g
Gr ) . .
[ = o = [r] + [x] {1 T } , 15)
where | v |
=14+ (5P gﬂ3tren . | (19)

[H3tren] Kgtren

The acid association equilibria of EDTA can be expressed by four equations.

¢ o [E] o LHoY]
" " 1R ] Tax [E37 (1]
» = [1'131'] : i {Hh’l}
Tt * G Tax "G 3%

These four equations and equation {17) can be solved for the quantities

[thjs {Hstj: [H2Y], '{fﬁ'j and [Y].



(Y] = Ky [x] (1] (a)
[£,Y] = Ryyy [X] [8]2 (»)
| | (20)
[H3Y] = EﬁBI [¥] (63 (e)
(Y] =Ry y [¥] (6] - (a)

Upon substitution of these gquantities into eguation {12¢), the latter
may be simplified to the following:
[T =c = [M] + [CuY] .

{ 14 * + {H} Ky + {Ei]a Xgay + {ﬂ}a KHBY + [E'I]h iﬂlﬂ’}
[ou] Kouy

or

[¥]y = ¢ = [W¥] + [CuY] {3. + ...-.-ﬂ..»._} ’ (21)

[Cu] Kgyy
where

¢' =1+ [H] Kyy + {Eﬂa Eﬁaz + {ﬁ}s 'Tﬁgag + [H}hfahr . (22)

The acid assocliation equilibria of ﬁﬁmn c¢an be expressed by

three equations.

= [Htren] A = [Hatren]
Fiitren [H] [tren] igtren (] [Btren]

K o m {Hgtrm} -
3R THY (Hatren)
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The following expressions can be obtained from the above three eguations
and from equation (15)%

[Mtren] = fﬁlﬂfggﬁ?@ﬁj Kigtren (23)
(a3 fiigtmn
[tren] = ﬁﬁéﬁfﬁ&!wﬁu (24)
[RJB i%gtran
[Htren] = [Bytren] (25)

[u]* Kﬁgwm xﬁatmn

{

(Hotren] = [Hstren] . (26)
(k] KﬁBwen

and

It will be noted that equations (23), (2h), (25), and (26) express the
concentration of the various "tren® species in terms of known constants,
the single concentration {Hﬁrwj‘ and the hydrogen ion concentration.
Equation (12d) can, therefore, be simplified coneiderably by substitution
of equations (23) through (26).

[tren]y = ¢ = [Cutren] + [Hytren] @;mﬁ] |
() ygtren [H]? Knptren KHgtren

(Hytren]  Kitren [i] [Hgtren]
+ (5] T ren + Eﬂgfmn P + [Hﬁra!q

or

[tren]s = ¢ = [Cutren] + ¥ [Hytren] + [K] a“"‘%“'i'} (27)
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() Rygtren [H1° Kptren ¥mytren  [H] Kfytren

The three "tren" terms in equation {12e) can be combined by the use

of equations (25) and (26) to the following simplified expression:

[Htranj + 2[Hotren] + 3{H3trmj = 3/ [Hytren] (29)

where

h P e+ R, (30)
' [5]° Kﬂatran Kﬂ3tren (8] xﬁgwm

By the use of equations (17) and (20), the last four terms in
~ equation (12e) can be simplified as follows:

[HY] + 2[HX] + 3(85Y] + L[m,Y] = Sx_[H] [0aX]
(Cu] Kguy

p o B (0] BP Kyy [our] [uP

Yoy [0 Kpuy [Cu]
o [Gu‘!}u{ﬁjh
Egyy [Cu]
or }0
o fewx] /7 |
[Cu] Kgyy G
where

}pa: [H] Kyy + Q[H:’a ‘EKEY + 3[333 xﬂsx‘ + &[H]h ‘Eﬁhf . (32)
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Then by combining equations (29) and (31) with equation (12e) the latter

can be simplified to give the expresaion

[H]g = o(3-a) = [6] + & [Hgoren] + (021 2 (33)
[ou] Kouy

The five material balance equations, in & more usable form are grouped

together below.
[cul, = ¢ = [ur] + X [Cutren] (@
Eﬁhwwtﬁﬂi*«{ﬁj{i* } (b)
[X} = ¢ = [ux] + [oux] {1 . J—-———} @] ()

[ou] Eguy

[tren]y = ¢ = [Cutren] + Y [Hytren] + [i] { o 1] ()

[H)y = c(3-a) = [H] + S (Hy tren] L bt N A [ur] /. (e)
[Gu] Keu‘!

The coefficients in the above equatione are defined in the following

equations.
o o1 s P Bagiren g ©
[331;3:'@1;] Kﬁum.m '
8= [ﬁ}s Kﬁgtmn (b) (35)
f%trm]xﬁﬁmn
P=1v (0] Ky + WP Ry + (P By + M Fyy (o)




« =3l
P = [H] Kuy + 2[H]2 Rygy + 306D Ruyy + L[u} Byy (@

£H]3 zﬂgtren {332 Kﬁgtren KHBtren

| (35)
— ) (e)
(2] Kyytren

5=

- L + B 43 (£)
{#] Knetren KEBtr@n [#] Kﬂgtren

The equations (3ha) to 3Le) are very general, but they can be
simplified considerably because of the experimental conditions (such
as the pH range and the magnitude of the various constants involved)
encountered in the measurements of the rare earth complexes with both
EDTA and HEDTA. Each equation will be discussed individually.

Equation (3La) is valid if no complexes are formed in which both
tgren® and "Y" are bound to the same copper ion. Since "tren® is
- tetradentate and "Y" is hexadentale, each is capable of individually
satisfying the coordination number of copper and it seems unlikely that
mixed complexes would form.

In order to solve unambiguously equation (3L4b) it would be necessary
to know the stability constants of the possible complexes formed between
the rare earths and Ytren", as defined by equation (15). These constants
have not been measursed. However, since no one has been able to measure
any very stable rare earth-ammonium type complexes, it seems very unlikely
that any rare earth-tren complexes that might exist would be more stable

+2

than the Mntren =~ or Fetren*a complexes whieh have stability constants



of l<35 «8 and 108+8 respectively, Because the constant Kyp .., can affect
equation (34b) only through "6", and because Kyy... occurs in equation
(35b) as a term in the denominator, the numerator of which contains the

extremely large constant 'ﬁﬁ tren (8¢ equation 9), it can be shown that
3

under the experimental conditions involved, Kmtran would have to be
larger than 1@12 in order to make the concentration of the complex mran"a
exceed 10"5, which i8 1f of [M}y+« This means that ™e" is a very large

term compared to unity. Consequently, the expression ( 14+ 5 3 1} is

very nearly equal to one and equation (3Lb) ‘;iss reduced to two terms,
[MY] and [u].
Because of the pH renge involved, there is very littile, if any,
uncomplexed YY", Consequently, the term {m%,....ém equation (3Le)
Y

was found to insignificantly small compared to unity. The right side of
equation (3Lc), therefore, is-simplified to two terms, [KY] and [CuX].
Equation (3Ld) also can be simplified to two terms. The * Y "
term was shown by calculation of the experimental data to be essentially
unity. This is that the terms [Hptren], [Hiren], and [tren] are so small
that they can be neglected in the pH renge concerned. Since "8 iz very
large, the teram { g—%«-i} is a very small fraction. This makes the product
term {Eﬁi} { '@"‘.‘]:"1'} insignificantly small and reduces equation (3ha) to the
two terms [Cutren] and [Hatren].



Because of the magnitude of » compared to the large value of Kn,y»
the last term in equation (3Le) is slso very small. This can be shown
by evaluating the term directly from the experimental data., The term
"3 " was found to equal three for all of the rare earth measurements.
Thus, equation (3Lie) also reduces to two terms, [H] and B{Rgtrenj.

It is now possible to write all of the material balance equations

- as they apply to the EDTA and HEDTA complexes of the rare earths,

[cu)y = ¢ = [Cu¥] + < {rmranj (a)
[u)y = ¢ = [Mr] + [u] (b)
¥l = ¢ = (] + [Cu¥] (e} | (36)
[tren)y, = ¢ = [Cutren] + [Hytren] (a)
(] = o(3-a) = [K] + msmg @

The reactants in equation IV were all igitially érasent in 0.001 M
concentrations. Consequently, the M"e' term in equation (36) had a value
of 0.001, The experimental data consisted of five "a" values and five
corresponding pH values for each rare earth constant measured. BSince
only one "a" value with its corresponding pH value is necessary to
calculate a stability constant, this method provides five checks on each
constant determined. The methoed of calculation is quite simple. From
the known values of %c¥, the experimentally delermined values of "a" and

[H], equation (36e) is solved for the quantity [Hytren]. This quantity

] "
is then substituted into equation (35a) and oK is calculsted. Then



37

equations (364), (36a), (36c), and (36b) are solved in that order. The
quantities [WY], [Cutren], [H], [CuY), [H3tren] and [U] are substituted
into equation (11) and solved for Ky, Since the values of the constants

Koutren? gﬁgtrﬁn and K, vy are known from previous measurements, the

desired constant Kyy is readily obtained from equation (11).

The polarographic method

This method is bvased upon the fact that it is possible to measure
the concentration of free uncomplexed copper II ions in the presence of
the copper complex, 6&!“2, by polarograpbic means. If equal molar amounts
of the disodium copper salt of EDTA, NayCuY, and rarve é&g&h nitrate,
ﬂ(ﬁ@B)a; are allowed to eguilibrate, the rare earth ion competes with

the copper ion for the complexing agent.
cuy=? + 3= cu*? 4+ My~ (vII)

In such a solution, two separate individual polarographic waves are
produced by the reduction of Cu'® and of CuT™2, The first of these has
the shape of a two-electron wave with Ey/p = ~0.04 V vs SCE (versus
saturated calomel electrode). It is due to the reduction of Cu*? to the
metal at the swrface of the mercury drop. The second is due to the
reduction of the complex ﬂﬁ!“g, its El/z being «0.32 V {for the copper
HEDTA complex, the Ey /o occurs at about ~0.2 V vs SOE). Between the two
waves the diffusion current, iy, remains constant and is proportional to
the concentration of free uncomplexed copper II present in the solution.

Reference ig values were obtained for 100% uncomplexed copper and for 100%
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complexed copper by obtaining polarograms of solutions centaininngusoh
and Na OuY respectively. The percentage of uncomplexed copper was '
caleulated from a comparison of the ig value for each of the rare earth
sclutions with the 1y values for the two reference solutions.

8ince the reactants were initially present in squal molar gquantities,
it is obvious from equation VII that

[ur] = [cu]
and

[our] = [u] = ¢ - [ou] .

where "e" is the initial -concentration of both reactants. The equilibrium

constant for equation VII can be written as followsi

[cu] [ux] _ [cu)?

Kyy1 = ‘ - 1)
{G\ﬁ‘:] [ﬁ} (e "{G‘ﬁ])"
pivision of equation (16) by equation (17} gives
-i-i-ﬁ-u. 4 m{ﬁf} tﬁn} . o ’
Kowy  [M] [ou¥] S
therefore, » ,
Ky =K,y L00T e K., & o) '
“ ou [e- [Cu])® GuX (100 ~ % Cu)? (38)

It is obvious that the stability constants for the rare earth
complexes can be calculated by substituting the polarographically
measured percentage of uncomplexed copper and the known stability constant

for the copper complex into equation (38).
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Determination of the acid assoelation gonstants of HEDTA

A knowledge of the aeid assoclation constanis of a chelating agent
is necessary before the stability of the complex formed between the
chelating agent and a metal ion can be determined by the potentiometric
method. The constants of EDTA have been determined by Schwarzenbach (45)
at 20°C and an ionic strength of 0.10. Since the stability constants
of the rare earths with KDTA were measured at 20°C and an ionic strength
of 0,10, Sehwarzenkaah*s values were used in the calculations.

‘Vaia@m of the acid association constants of HEDTA have been reported
in the literature (L6), but they were measured at 29.6%°C. It was,
therefore, deemed necessary to determine these constants under the same
conditions as were used to measure the rare earth-HEDTA stability conaﬁants;

namely, 25°C and a solution ionic strength of 0.10.

Determination of Kl and Koo The titration curve of HEDTA with

atéﬁéard EOH is typical of a dibasic acld of moderate strength, having
two separate inflection points at a = 1 and 8 = 2, where a represents
the fraction of the total replacable hydrogen that has been titrated.
The third inflection point is absent due to the extensive hydrolysis
of the trivalent anion. Because of the separation in the inflection
points corresponding to Ky and Kp the problem of determining these two
constante is very similar to that for determining K, for a simple
monobagic weak acld.

In the vicinity of & = 0.5, only the species HyV and H,V™ need be
considered. Likewlse, only the species HoV™ and BV need be considered



wdj0e
in the region around a = l.5. Theréfcxm, the two acid assoclation

constants can be ax@ream& as

Ky m.§§§32*~m* = (frection untitrated) (39)
(] [Hpv] [B] (fraction titrated)

Ky = m = (fraction untitrated) {40)
[H] [w] [H] (fraction titrated)

where "V® represents the anion of HEDTA. These two equations can be

simplified,
(1-a) (2 - a)
Kl = Pt v T
[H]a % [H] (a - 1)

Upon converting to logarithms,

log Xy = ~1og[ﬁj + log ..(.}.,;..ﬁm} (L1)

| - (2 - a)

log Kp = ~log[H] + log - . (L2)
(2 ~ 1)

The first assoclabtion constant, as defined by equation (39), can be
calculated from a titration eurve of HEDTA by substituting one or more
pH values with their correspording a values (obtained from the region
around a = 0.5) into equation (1), BEguation (42) can be used in exactly
the same mamner to gleulam the sscond association constant from

experimental data in the region of a = 1.5.
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The determination of ;i' The determination of Kq is complicated by

the hydrolysis of the very weak acid v=3. The third association constant
can be defined as

K3 = [W} ; * (L3)
(] [v]
and the hydrolysis of V™3 as
v-3 4 Hp0 == W2 4+ OH" . )

With no hydrolysis occuring, the concentration of V=2 could be calculated

by merely subtracting the amount of KOH added. Since two molecules of

KOH are needed for every one molecule of =2 produced, the concentration
of V*3 would be given by

M]=(a~-2 0 5)

where Cy = the total molar concentration of HEDTA. When hydrolysis does

take place, one V=3 molecule is consumed for every hydroxyl ion produced
(see equation hh). Therefore, the total concentration of [V] is given
ag

[v] = (a - 2) Gy - [OH] . (16)

The only ionic species of HEDTA present in the slkaline region beyond
a = 2 are V™2 and V3. Therefore,

Cy = [v] + [wv]. (k1)
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A combination of equations (L6) and (L7) gives
[W] = (3 - a) oy + [0] . (15

Substitution of equations (L6) and (L8) into (W3) gives

. (3 = a) oy + [OH] |
k3 = = s . hg
3 TH (a-2) o - [o8) | 2

Equation (L9) permits the calculation of Ky from the experimental values
of Cy» pH, and & for all points on the titration curve from a = 2 to

a=3.

Materials and Bquipment

Preparation of stock solutions

;fﬁﬁrbﬁnatamfr@e,sadium hydroxide solution (0.1 N)s A standard solution

of aedinm_hyﬁraxxdeﬁ' was prepared and allowed to stand until the superw
#atant liquid had become eclear. Approximately 25 ml of the clear solution
was carefully removed from bthe saturated solution and added to three liters
of freshly deionized water. The resulting solution was stored in a FPyrex
bottle fitted with s siphon for withdrawing solution and with a gase
train, consisting of an Ascarite tube and a small bubbler containing

dilute potassium hydroxide, to protect the stock solution from carbon

¥411 chemicals were resgent grade unless otherwise specified.
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dioxide. The sodium hydroxide solution was standardized against dried

potassium acid phthalate by titration.

The potassium

hydroxide solution was preparsd by the silver oxide method. A hot solution
containing aiout 9 grams of sodium hydroxide in 200 ml of water was

slowly added to an equal volume of a hot sclution containing 36 grams of
silvey nitraﬁ@. After a few minutes, the silver oxide cragulated, was
filtered from the hot sclution on & fine sintered glass funnel, and

was washed about fifteen times with hot deionized water, The silver oxide
and 1600 ml of freshly deionized water, containing 16 grams of potassium
chloride, were then transfered to a dry-box. In the dry-box, under a
nitrogen atmosphere, the silver oxide was added to the potassium chloride
solution. The resulting mixture was allowed to stand (with occasional
shaking) for k8 hours. Then, the clear supernatant liquid was filtered
through a very fine sintered glass fumnel, transfered into & Pyrex

bottle, and stored in the same manner as the sodium hydroxide solution.
The potassium hydroxide solution was also standardized against potassium

acid phthalate by titration.

- Iriaminotriethylamine trihydrochloride (0.0100 M). 4 sample of

triaminotriethylamine trihydrochloride (obtained from Chemicals Procurement
Co.) was carefully purified by a double recrystallization. The amine

salt was first dissolved in a minimum amount of warm water and then
erystalized from the water with 95 per cent ethanol. The crystals were
filtered each time in a sintered glass crucible and washed repeaiedly

with cold absclute ethanocl. Finally, the crystals were dried at 100°C
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under a reduced pressure for 2L hours. A two liter 0.0100 molar selution
of the amine was prepared by dissolving 5.1126 grams of the dried crystals
in pure water and dilubing to the mark in & 2000-ml volumetric flask.

“ Potassium chloride (1,00 ¥)e A two liter 1.00 molar solution of

potassium chloride was prepared by dissolving 149.11 grams of previously
dried K€l in pure water and diluting to 2000 ml., The salt had been dried
at 115°C for 24 hours.

Potassium nitrate (1.00 M). A two liter 1.00 molar solution of

potassium nitrate was prepared by disselving 202.21 grams of dried
mwnw in pure water and diluting to 2000 ml. 7This salt was also dried
at 115°C for 24 hours.

Sodium acetate (0,100 W), Two liters of 0.100 molar sodium acetate

were prepared by dissolving 16,408 grams of dried {at 180°C for 18 hours)
anhydrous sodium acetate in pure water and diluting to 2000 ml,

Acetic acid (0.100 H). A two liter stock solution (approximately

0.5 ¥) of acetic acid was prepared by diluting glacial acetic acid.
Careful standardization of the stock sclution by potentiometric titration
with standard sodium hydroxide disclosed its concentration to be 0.L9%50
molar. Thus, two liters of 0.100 moler acetic acid were prepared by
diluting LOO.8 ml of Q.4990 ¥ acetic agid to 2000 ml.

%\w»aaawﬁa copper ethylenediaminetetrascetate (0,0100 W). A solution

of exactly 0,100 ¥ CuCl, was prepared. A solution of approximstely 0.1

M mmmmmw‘aﬁw prepared by dissolving a welghed amount of crystaline disodiun
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dihydrogen ethylenediaminetetraacetate dihydrate (secured from the Hach
Chemical Co.) in pure water. & ten ml aliquot of the standardized
copper II chloride solution was titrated with the tetrascetate solution
after the addition of % ml of concentrated smmonium hydroxide and
diluting to 300 ml. Murexide was used as the indicator. Following the
standardization of the letraacetate solution, 200 nl of the copper
solution was mixed with 204 ml of the tetraacetate. In such a mixture

the following reaction takes places
cut? 4 Ho¥=2 == cuy~? 4+ 28* ,

Therefore, the solution was carvefully neutralized to a pH of 6 with
godium hydroxide and dilubed to 2000 ml.

The copper tetraacetate solution described above contained a
considerable quantity of chloride. Because chloride ions gave trouble
during the polarographic determinations, it was found necessary to
prepare & second copper letrascetate solution starting with copper II
hitraﬁe rather than copper II chloride. The method of preparation was

exactly the same as that described above.

H-Hydroxyethylethylenediaminetriacetic acid (0.1 ¥). The HEDTA

(secured from Geigy Chemical Co,) was further purified by two operations.
The acld was first dissolved in a small amount of warm water and filtered.
Then 95§ ethanol was added and Lhe solution allowed to cool. The acid
crystals were filtered on & aintered glass funnel, washed three times
with cold absolute ethanol, then once again dissolved in warﬁ'water,

recrystalized, filtered and washeds. & triple leaching with cold water
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followed by drying at 100°C under a reduced pressure for 2l hours
completed the purification. 4 solution of the purified product was
tested for sulfate with barium chloride and for sodium with a flame
spectrophotometer, No barium sulfate precipitate could be detected.
The flame test indicated 0.1 ppm of sodium,.

A two liter solution of HEDTA was prepared by dissolving 55,652
grams of the solid in water and diluting to 2 liters. The acid solution
was standardized by three independent metheds; titration against a
standard zina II chloride solution using Eriochrompschwarts T as the
indicator, titration sgainst a standard copper chloride solution using
Murexide as the indicator, and a potentiometric ititration of the free
acid with standard sodium hydroxide., The three methods gave values of
0,0992, 0.0989, and 0.0994 for the molar concentration of the HEDTA

stock solution.

Sodium copper hydroxyethylethylenediaminetriacetate (0,0100 M). A
copper II aﬁ&mx’ide solution was prepared by dissolving CuClpe2Ho0 in
water, Electrolytic analysis of the solution showed its concentration
to be 0.1001 molar. Therefors, 199.8 ml of the copper solution were
added to 201.82 ml of the stock HEDTA solution and the resultant acid
solution neutralised with sodium hydroxides The neuiral copper triacetate
solution was diluted to mle

A copper triacetate solution, containing nitrate rather than chloride,
was prepared by mixing 193.2 ml of a 0.1035 molar mppm; II nitrate solution

with 201.8 ml of the standard HEDTA solution, neutralizing with sodium

hydroxide to the neutral equivalents point, and diluting the resultant
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solution to 2000 ml.

k ”,ﬁare earth salt solutions (0.,0100 M). The rare earths used in this

research were separated from all other elements and from each other on
ion-exchange columns according to the methods developed in the Ames
Laboratory (47,48,49,50,51,52,53,5k,55,56,57)s With the exception of
cerium and terbium, all of the rare earth solutions were prepared in the
same manner. As with the other solutions previously deseribed, the rare
earths were prepared in both chleride and nitrate solutions. Sufficient
freshly ignited pure rare earth oxide was dissolved in a slight excess
of acid, HCL or O3, to give a solutim containing 0.005 of a mole of
u*3, A part of this solution was then potentiometricaily titrated with
sodium hydroxide to a point just past the neutral equivalence point. The
pH of a neutral rare earth solution was then located from a graph of
ApH/A ml against ml of base added to the solution. These pH values
ranged from 5.2 to L.8. After titration, the two solutions were recombined,
adjusted to the equivalence peoint pH with hydroxide and diluted
to 500 ml.

The composition of terbium oxide depends upon the ignition temperature.
In order to correct this uncertainty, a sample of the oxide was reduced
to sesguioxide by heating it for 8 hours at 900°C in a stream of hydrogen.
The sesquioxide was then weighed out and dissolved in an acid as described
above.

It is virtuwally impossible to dissolve quantitatively a small amount
of cerium oxide, even with the help of hydrogen peroxide. Consequently,

& larger amount of oxide was dissolvea in acid, the solution filtered,
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and diluted to volumes 7Then the cerium stock solubtlon was standardized
by withdrawing an aliguot, precipitating the cerium with oxalic acid,

igniting, and weighing the ignited oxiéa. Once the concentration of the
solution was known, 0,005 of a mole was removed and prepared in the same

manner as the other rare earth salt solutions.

"/gﬂ,ﬁmtsr. All pH measurements concerned with the determination of
the stability constants of the rare earths with EDTA were made with a
Beckman Model G pH meter. The electrode system consisted of a fiber
type saturated calomel elesctrode and a %General Purpose" glass electrode.
Both electrodes were of the shielded type for use external to the pH
meter,

The pH measurements necessary for the determination of the stability
constants of the rare earths with HEDTA were made with the more accurate

Beckman Model GS pH meter. The same type of electrodes were used,

Mleroburette., A Pyrex microburette gradusted in 0.01 ml subdivisions

(obtained from Scientific Glass Apparatus Co.) was used to dispense the
sodium and potassium hydroxide sclutions needed for the stability constant
measurements. The calibrations of the microburette were rechecked at 0.5
ml intervals for delivery of 0.1 normal sodium hydroxide by weighing the

amount of 0.1 normal base actually delivereds
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Experimental Procedures and Results

Deternination of the acid association vongtanis of HEDTA

As was polnted out earlier, & knowledge of the acid assoeiation
constants of a afz&l&%ﬁg agent is necessary before the stability of the
complex that is formed between the chelating agent and a metal ion can
be determined by the potentiometric mm&& The more accurate scale on
the Beckman Hodel GS pH meter is limited to a range of only three pH
units, It was necessary, therefore;, to potentiometrically titrate one
solution for the evaluation of Ky and K, and a second solution for the
evaluation of Kye Two other solutions were titrated to check the results
from the first two. The titrations were carried out in a éaubla#wallad
titration cell. Water from s coustant temperature bath maintained at
25400 + 0,02°C was pumped through the jacketed compartment of the
titration cell. An atmosphere of pure nitrogen was maintained above the
liguid in the titration cell.

In the first titration, Hun I, a solution containming 3 ml of 0.0991
M HEDTA, 3.2 ml of 1.00 M KC1 and l3.8 ml of deionized water was titrated
with standard XOH, The values of Ky and Ky were calculated from the pH
values in the regions of 2 = 0.5 and a = 1.5, respectively, by the use
of equations (k1) and (L2). The experimental results and caleulated
values for Ky and K, are given in Table 1.

In Bun II a sclution of exactly the same concentration as thal used
for Bun I was again titrated with standard KOH. These results and the
caleulated values of Ky and Koy ai*ez presented in Table 2.
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Table 1
Titration of HEDTA with Potsssium Hycroxide (Run I)¥

, ﬁwr@fzm& ldg T , Gérrecwd lcg
g P B 2 pH Ko
04390 2.807 34001 1.32h 5,089 5,109
0428 2,841 24967 14363 5.165 5.409
0.467 2.878 2,934 1.402 . 5.237 S.411
04506 2,516 2.906 l.h2 5,309 5.411
04545 2.958 2,880 1.480 5.301 5.416
0.58k 34002 2.856 1.519 5alislh Seh22
0.623  3.050 2.833 1.558 5527 5.126

Ave = 2,92 1.597 5,60 5.433
1.636 5,689 5olil7
Av, =512

*Temyerawm = 25,00 + 0.02°C; ionic strength = 0.10.
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Table 2

Titration of HEDTA with Potassium Hydroxide (Run II)*

Corrected log | Corrected log

2 Pl K 2 p 2
0.390 2,603 2.995 1.324 5,078 5.398
0.167 2,869 2,925 1402 5,298 5,402
0 s§h§ 2 ¢9§9 2 ‘?3'?2 1*1«130 5‘ «.3 63 ﬁ; i}-lQB
0.632 3,038 2.821 1.558 5.815 Sl
Av . B S ihl

#
Tempersture = 25,00 + 0.02°C; ionic strength = 0.10.
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A value for K3 was obtained by titrating a solution containing 2 ml
of 0.0991 M HEDTA, 3.81 ml of 1.00 X KC1, and LO ml of water with
standard KOH. Values of Ky were caleulated from the region of & = 2.3
to & = 2.7 by the use of equation (49). The experimenial and calculated
resulis for Run III are presented in Tabié 3, Bun IV was an exact
repetition of Run I1I. The results from this run are also given in
Table 3.

The pH meter was standardized with Beckman pH h buffer for Runs
I and II. A standardization with Beckman pH 9 buffer was necessary to
cover the pH range required for Runs III and IV.

Since the pH as obtained from the pH meter thus standardized is
defined in terms of the hydrogen«ion activity, while hydrogen~ion
concentrations are needed for the calculations, it is necessary to correct
each pH meter reading, Three solutions were independently prepared, each
containing 0,000802 ¥ HCL and 0,100 M KCl. These solutions should have
pH values of 3.096 based uﬁau concentrations st an ionic strength of
0.100., The pH meter was standardizmed in the conventional manner using
Beckman Suffera‘anﬁ then two separate pH determinations were made upon
the three solutions. The results are presented in Table L. It is
evident that a correction of 8,071 units must be subtracted from each
pH meter reading before the hyﬁregaﬁmiﬂﬁ concentration of the solutions
are calculated,
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Table 3

, § ‘ ‘ "
Titration of HEDTA with Potassium Hydroxide (Runs III and IV)

g e éﬁwcmd 168 2 5&?@?&& Tog
pH $3 pH Kﬁ

2,279 9489 9.920 2.366 94663 9.922
2337 9.59% 9.908 2.395 9.710 9.918
2.396 9.693 9.500 2,425 9.756 9.914
2.454 9.793 94503 245k 2.801 94910
2,512 9.863 9.898 2,483 9.840 9,900
2.571 9.966 9,886 2.512 9.887 9.900
2.629 10.0k46 9.872 2.542 9.932 9.897
2.788 10.128 9.056 2,571 9973 92.8%0
| - 2,600 10,015 9.885
Ao =9.69 2,629 10,056 9.879
2,658 10,096 9,871
2.688 10,138 9.862
Ave = 950

*
Temperature = 25.00 # 0.02°C; ionic stremgth = 0.10.
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Table 4

Data for Correction of pH Values

Sample # pH

1-b - 3.168
Swa 3 ~167
3-b 3.168

Av, = 3;1&?
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P@tentium&tricWdata:minatign,mf st&bi%&ty aanatanta

Exactly the same procedure was used to determine the rare earth-HEDTA
stability constants as was used to determine the rare earth-EDTA stability
constants. A description of the experimental procedure is given, using
the rare earth~EDTA sﬁabiiity constant determinations as an exauple.

When equal molar quantities of NayCul, Hﬂlz, and HBtran*B are mixed
together, a chemical reaction described by equation IV takes place. If
the reaction mixture is potentiometrically titrated with standard sodium
hydroxide, a normal acid-base neutralization eurve is oblained with a
large pH increase occuring at "a® = 3 ("a¥ ﬁaing used to designate the
equivalents of scdium hydrozide added per mole of rare earth atoms in
solution). If the reaction proceeded as fast as the peutralization of a
strong acid with a sirong base, a direct potentiometric titration could
be carried outs In such a case, the rare earth stability constant could
be caleulated from any value of "a¥ and pH picked from the buffer region
of the neutralization curve (roughly from ®a® = Q. to 1.9) by the use of
equations (35a), (36), and (11). Such a direct approach cannot be used
because the reaction is slow; usually 25 to 30 minutes are required for
the pH of the reaction mixzture to reach a stationary value after each
addition of base. It was found necessary to péapar@ five individual
solutions; each oune with the same equsl molar amounts of Ka,Cul, 3613;
and u:,t;mn"a. but with different amounts of standard sodium hydroxide
so as to correspond to five different positions across the buffer region
of a normal neutralizstion curve. These five solubiong were allowed to

equilibrate for 2 hours in a constant temperature water bath adjusted to
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20,00 + 0.02°¢ (Eg‘ﬂﬁ‘ﬁ 0.02°C for the HEDTA determinations). At the
end of that period, the pH of each solution was measured.

The five solutions were made up in 100-ml volumetric flasks, each
containing 10 ml of 0.0100 M disodium copper ethylenediaminetetraacetate,
10 ml of 0.0100 ¥ trisminotriethylamine trihydrochloride, 10 ml of
0.0100 M rare earth chl@:idﬂ, encugh 1.00 M KCl to give the solutions
an ionie étranghh of 0.10 when diluted to 100 ml (9.00 ml of KC1 for
the EDTA determinations and 9.10 ml of XC1 for the HEDTA determinations),
and different predetermined amounts of 0.1 ¥ NaOH., After diluting to the
mark and mixing the solutions, they were suspended in & water bath from
a specially consiructed racky The rack was fabricated so as to suspend
ten 100-ml volumetric flasks and ten 4O x 80 mm groundeglass stoppered
welghing bottles in the water bath,

A standardized procedure was followed for determining the pH of
the solutions. At the end of a lé-howr equilibration period, about 50
ml of solution was transfered from each of the five 1l00-ml volumetric
flasks to 5 separate clean dry weighing bottles. Both the tightly covered
weighing bottles and the 100.ml volumetric flasks were immersed in the
water bath for eight hours. Then the pH of the solutious in the weighing
bottles wus determined direetly; with the bottles still immersed in the
water bath. The solutions remaining im\ths 100wl flasks were used to
rinse the‘alectrﬁdaa in going from one sclution to the next. The pH
meter was standardized with Beckman pH L buffer and also checked with

Beckman pH 9 buffer before sach series of determinstions.
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Because of the procedure adopted, the experimental results consisted
of five sepurate pH and "a" values for each rare earth. It was thus
possible to calculate five values for Kyy for each rare earth by use of
equations (35a), (36) and (11). An average value for Kpy was then used to
calculate the EDIA and HEDTA stability constants for each of the rare
earths. The experimental data and calculated results are presented in
Table§w§wanﬂ b Table 7 gives the numerical values of the various
constants that are necessary for the caleulations.

Check determinations were made allowing L8 hours for equilibration
for the EDTA determinations with praseodymium, neodymium, samarium and
yttrium and for the HEDTA determinations with dyapraaiunu gadolinium and
ytterbium. Since the results were the same as those obtained with 2l=hour

equilibration, the practice was discontinued for the rest of the series.

f@l&ragraphia determination of stgbility constants

The polarographic determinations of the stability constants 6£ the
rare earth elements with EDTA and HEDTA were accomplished much easier than
the corresponding potentiometric delerminations. The theoretical basis
for the method and the neae&aaﬁf equations have been described. It is
necessary to describe only the preparation of the reactlon mixtures, the
technigue used to take the polarograms, and the experimental resulis.

Solutions were prepared by mixing 10 ml of 0.0100 M sodium copper
chelate, 10 ml of 0.0100 K rare earth nitrate, 10 ml of 0.10 ¥ sodium
acetate, 10 ml of 0.10 M acetic acid, 9.1 ul of 1.00 ¥ KEQS {to adjust
the ionic strength to a value of 0.10), and diluting the solution to
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Table 5

Results for the Potentiometric Deteramination of the Hare Barth-EDTA
Stability Constanta®

Rare Corrected
Barth ®a” pH ~log Ky Ave~logry lozg Kyy
Laty 0.50 ko2 13.05
0.85 5e12 13.00 :
1.20 5429 13.00 13.02 15.14
1*5@ 50&& 13‘@2 ‘
ce*3 0450 b7l 12,29
- 0.85 L2 12439 : '
1.20 5,008 l2.35 12,35 15.81
1450 521 12.33
1.75 5.36 12.40
pet3 0.50 1460 12,0k
0.85 4«80 12.02
1.20 h.92 11.87 11.99 16.17
1.55 5el5 12.05
1.75 ¥,22 11.98
Ha*? 0451 LS 11.70
0.84 LeTO 1l.72
1.20 L .86 11.68 11.68 16,48
1.50 5.00 11.68
1.75 5.10 11.62
0.50 L6 11.17
0.85 L5k 11.18
1420 L.72 11.23 11.19 16.97
1.55 e85 il.14
1.75 97 11.21

*Temperamw = 20,00 + 0.02°C; ionic strength = 0.10; auppartmg
electrolyte = KC1.
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Table 5 (eontinued)

Rare ‘ Corrected
Earth ng pH ~log Kqy A¥ y~logry log Kyy
Eu*3 0,50 k.33 11.0k
0.85 Le50 11.03
1.20 1465 11,01 11.08 17.11
1.50 L.81 11.09
1.75 k93 11.09
ad*3 0450 .32 11.00
‘ 0.85 4450 11.03
1.20 k63 10.93 11.04 17.12
1.55 L83 11.07
1.78 L9k 11.12
w3 0.5 L2l 10.46
0.85 L.36 1046
1.20 L.52 10.53 10.49 17.67
1.50 lee6ly 10.51
1 7.9 }»&#72& 1@&&7
py+3 0.50 L5 10,05
0.85 Le29 10.31
1.20 lialihy 10.20 10.17 18,01
1.50 L.58 10,17
1.75 Lio65 10,13
Ho3 0.50 Lok 10.00
0.85 Le28 10.04
1.20 Lok 10408 10.07 18.1
1.55 lie55 10.08
1.75 L1465 10.13
Ert3 0450 4409 9.61
N 0.85 b22 9467
1.20 h.37 9.86 9,76 18.4
1.55 L9 9.81
1.75 L.58 948k
a*3 0450 1.03 8.95
0,85 haelB 902
1.20 be26 9,06 9.15 19.0
1.50 l.39 9.32

1.75 L49 9.38



Table 5 (continued)

Rare , Corrected

Earth Ran pH ~-log Kqy Ave =logyy log Kyy
3 0.50 k03 8.95
0.85 L13 8,76
1.20 Le26 9.06 2406 19,1
‘ 1.75 L.hb 2419
) z&ﬁ*‘a th@ llo 8 whg
0.8% he12 8.60
1.20 .23 8.71 8.68 19.5
1.50 k.33 B.76 :
1.75 bk 8.92
Yt .49 4,15 10,10
; 0.84 L3l 10.22 :
1.19 Lol 10.39 10.36 17.80
1.59 L .67 10.48 »

1.79 k.80 10.59
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Table &

Results for the Potentiomeiric Determination of the
Rare Earth-HEDTA Stability Constants™

Rare Corrected
Earth g rH ~log Ky Av. =log Ky log Kyy
La*3 0.697 RV 10 13.2h
0930 5&25? 13.30 13,29 13.22
1.162 5,36l 13.27
1394 5482 13.29
1.627 §.611 13.34
ce*3 0.697  h8L7 12,4k
0.930 Le970 12.42
1.162 54087 12.43 12.43 11,08
1.394 54196 12.43
1.627 54316 12.45
Prt3 04697  La730 12,07
0.930 L4859 12.08
- 1.162 l.980 12.11 12.12 14.39
1.394 L4097 12413
1.627 54226 12.18
Na+3 0.697 L4637 11.78
1.162 L.876 11.79 11.80 .71
1‘39& 2& &9‘93» llsﬁ%l
1.627 5.122 11.86
Su* 0.697  L.hss 11.31
14163 i@u735 11&35 }.lajﬁ 15015 o
1354 L.850 11.38
1.627 4977 11.42
Eut3 0.697 I 180 11.26
04930 L4600 11.27
1.162 718 11.30 11.30 15.21
1.394 L.832 11.32
1.627 L.959 11.35

*Suppnrting electrolyte = KCl; temperature = 25.00 # 0.02%°C; ionic
strength = 0.10.
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w5 Qi

Rare Corrected
Earth ngH pH wlog K1y Ave =log Ky log Kyy
aa® 0.697  L.517 11.39
0.930 636 11.39 PR
1,162 L.7%4 11.} 11.41 15,10 1< g0
1.394 4.8035 11.38
1.627 k998 11.47
43 0,697  Le517 11.39
0.930 4637 11.39
1.162 lie 755 11.41 11.41 15.10
14394 14863 1141
1.627 o989 11.h8
py*3 0.697 517 11.39
0,930  L.6LO 1140 |
1.162 Li+758 11.42 11.43 15.08
1.39k L.873 11.hb
1.627 5,001 11.k9
Ho*3 0.697 ﬁ.gg,? ﬁiﬁ
Q’g‘g@ o By 11« ~
1,162 L.764 1.kl 1148 15.06 I, 4
 1.3%k L.881 11.47
1.627 54008 11.52
Er?3 0,697 k.89 11.29
0,930 k608 11,30 "
1.162 L.729 11.33 11.33 15.17 =
1.39h k.842 11.35
1,627 h.97L 11.40
Tuit3 04697  L.li32 11.09
0.930 L.5k9 11410 |
1.162 L 66k 11.12 11.13 15,38
1.394 La778 11.15
1.627 14903 11,19
w3 0.697 k358 10.81
0.930 boly7h 10,8l .
1.162 b.58L 10,86 10.87 15.6L
1.627 L.823 10.95



Table 6 (continued)

Y

' Rare Corrected
Earth ngn pH -log x;; Av. =log K
3 0.697 L322 10.68
0,930 hJs29 10.68
1.162 ko539 10.71 10.72 15.79
1.39 L 652 10.7h
1.627 L7785 10.80
T3 0.697  L.701 11.98
0.930 L.827 11.99
1.162 L.952 12.02 12,02 1h.49
1.3%4 5.066 12.03
1.627 5.19L 12.08
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Table 7

Bource and Numerical Value of Constants Used in Calculations

Constant ylng K _ Z:?fzigﬁgr& Reference

" 19 25 (23)

Kouz 1.8 20 G7)
Koy 174 29.6 (16)

Tygtren 28 20 (2h)

" 282 | 25 (23)

gy 2.0 20 (L5)

K3y 2.67 20 (L5)

R 6.16 20 (Ls)

Ky 10.26 20 (L5)




wbof

100 ml in 100-ml volumetric flasks. After mixing, the solutions were
allowed to equilibrate for 2l hours in & constant temperature water bath
(aaioeli 0.02°C for the EDTA chelates and zg.aa‘i 0.02°C for the HEDTA
chelates), The acetic acid-sodium acetate buffer buffered the solutions
t0 a pH of approximately L.65. The two reference solutions contained the
same concentrations of acetic acid, sodium acetate, and potassium nitrate;
but did net contain rare earth nitrate. One reference solution contained
10 ml of 0.0100 ¥ sodium copper chelate and the other one contained 10
ml of 0.0100 M copper sulfate or copper nitrate.

The measurements were made with a Sarg§n® Model XXI polarograph.
An H type cell was used, with the dropping mercury elecirode in one side
and a saturated calomel electrode in the other side; contact being made
through a porus plug. Two drops of basic fuchsin (0.2%) were added to
the solutions in the electrolytic cell andpure nitrogen was bubbled
through the solutions (to remove any oxygen) for 20 minutes before each
polarogram was taken. The stability constanis were calculated from
the experimental i, values by the use of equation (38), These results
are given in Tables 8 and 9.

Discusgion and comparison of resulis

Acid sssocletion constante of HEDTA., After the acid association

constants were measured, it was found that they were not needed for the
potentiometric caleculations because of the very small contribution of
HyV, HoV™, and AV to the total concentration of HEDTA in reaction IV.
It was necessary to make the measurements so as to validate the

potentiometric method, since it was impossible to prediet their
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Table 8

Polarographic Determination of the Rare
EartheELTA Stability Constants™

Rare Earth | 3 Uncomplexed copper |  log Eyy
Lat3 uncertain -
ce?3 | kel 16.0
Bt L6 16.2
Na*3 549 16.4
Sytd 8.7 16.7
Eut 10.4 16.9
ad*3 1.9 | 1740
5+ 2h.1 17.80
py*3 32,8 18,17
Hot3 L8.1 18.73
B 55.0 18.97
T*3 68,8 19,49
w3 7643 19.81
Lut3 | 8143 20.07
3 28.1 17.98

%Tiampwawre = 20,00 + 0.02°Cy ionic strength = 0.10; supporting
electrolyte = KHQ;‘
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Table 9

Polarographic Determination of the Rare
Earth-HEDTA Stability Constants™

Rare Earth # Uncomplexed copper | log Eyy
su*3 7.7 15.3
aa*3 9.0 15.4
py3 8.1 | 15.3
Ho*3 8.6 15.4
Er+3 9.5 15k
T3 10.5 158
Tot3 Wl 15.8
Int3 17.2 16.0
T+ , L8 14.8

*penperature = 25.00 + 0.02°C; ionic strength = 0.10; supporting
electrolyte = KNG3.
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quantitative effect with exactness. Table 10 shows a comparison of the
values obtained in this research with the only other value reported in
the literature. Considering the difference in tewmperature, the values
agree very well., The agreement is certainly as good, if not better, than

that for the EDTA acid assogiation constante that are reported in the

literature,.
Table 10
HEDTA Acid dssocisbion Constanis

K ' K Tempe. Ionie

1 _ 2 3ﬁ °c strength Reference

2.90 5ehl 9,89 25.0 0.10 this
research

246 5.33 Q.73 29.6 0.10 (L6)

The EDTA stability constants. It should be noted that no uncertainty

has been given to the values of Kyy in Table 5 or Table 8, The reason

for this is that these constants are directly dependent upon the values

for the constants Kgyys i%@trﬁng and Kpytrens Uncertainties have been
reported in the literature»fur these constants, but the constanis them
selves have been changed much more than the reported uncertainties. This
is particularly true of Kp,y, which Sclwarzenbach has changed f{rom his
original value of 1618‘38 to lﬁlﬁ‘aﬂ¢ However, because of the ion-exchange
applications of the chelating agents, the relative values of the rare earth
stability constants are more important than absolute values. If the

constants reported in Table 7 are assumed to be correct, then a number of
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interesting observations can be drawn from the experimental data.
There are two sources of error in the potentiometriec determinations.
The least important source of error is that associated with the inability
to measure the solution pH values more accurately than + 0.02 units,
Any error in the pH determination influences the value of " ", because
the hydrogen-ion concentration enters into equation (35a) as [H]z.
‘Equation (11) also contains a third power term, {KF. The errors inherent
~ in the pH measurements cause an error of + 0.06 units in Kyy. |
The second source of error is more serious. As soon as the stability
of the rare earth complex MY~ is no longer smaller than the stability of
the copper complex 6!:&"2, reaction VIII will take place to a considerable
extent a8 soon as NapCul and JCly are mixed together.

CuY=2 4 I3 === Y~ + Cut? VIII

In case of a complete displacement of the equilibrium of eguation VIII

to the right side (Kyy S Ky,y)s the complex MI™ would be formed to 100%
during the initial mixing process and the neutralization of the solution
with NaOH would not be influenced by the formation of the rare earth
complex. It would be impossible to obtain any information as to the
stability of the complex Y™ from pH measurements of such & reaction.

As the stability of MYI™ increases, equilibrium VIII is shifted more and
more to the unfavorable right side. The magnitude of this shift is shown
by the inconsistency of the values of -log Kyy in Table 5 for each rare

. sarthe The inconsistency increases toward the heavy rare earths.
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The values in Table 5 indicate that the constants, Kyy, are fairly
accurate up to the element terbium. Only very approximate values can be
obtained for the last six elements by this method. Figure 1 shows the
potentiometric values with an uncertainly estimated on the basis of the
facts presented,

Only ouve source of error is spparent in the polarographic determinations
namely, the error made in the determination of the percentage of uncomplexed
copper, This error amounts to about + 2% and should be the same for all
of the determinations. When these limits are introduced into equation
(38), larger errors are found for the light rare earth stability constants
and smaller errors {or the heavy rare earth constants. The values range
from + 0.4 units for the cerium complex to + 0,12 units for lutetium.

These relative errors are also represented in data given in Figure 1.

From the data presented, it is quite evident that the polarographic method
gives better values for the heavy rare ezrihs and less accurate v#luea

for the light rare earths. Thus, the potentiometric andpolarographic values
supplement each other,

The uncertainty ranges éf the values obtained by the two independent
wethods overlap up to the element dysprosium. The polarographic values
are definitely higher than the potentiometric values. This difference may
be real, in spite of the large errors inherent in the potentiometric values
for the heavy rare earths. If this is 80, the difference may be due to
ﬂtha change in the supporiting electrolyte, i.e., resulting from substitution

of KNOg for KCl. These differences can be explained if we assume that the
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rare earth éntinns form chloro complexes to a slight extent in 0.1 M KC1,
thus reducing the appsarent formation constant of the complex MY™. If
dnly the most simple of such chlore complexes with the composition #C1*2
are considered, the stability constant can be calculated from the
difference between the two values found for Kyy in O.1 ¥ KCl and 0.1 M
KNOy. The value of 28 for the stability constant of Lu0l*? explains
quantitatively the difference found for Kp.ve The chloro complexes
would be less stable for the other rare earths,

In order to prove this sssumption, the polarographlic method was
applied to solutions containing chloride in place of the praviéuely
used nitrate. The method and sclution concentrations were exactly the
same as previously stated except for the chloride to nitrate shift.
Instead of the original two-electron wave with Ey /g = 004 ¥V, two one~
electron waves due to the stepwise reduction of uncomplexed copper Cu II
to Cu I and Cu I to Cu® are found., The first wave is situated to the
left and the second to the right of the original two-electron wave
observed in xﬁﬁg. The first wave lies in the positive potential range
and overlaps with the anodie oxidation of mercurye. The height of the
second wave ig proporiional te the eoncentration of uncomplexed copper,
but it is impossible toc measure this height exactly because of partial
overlaspping of the first wave and some interference from the wave
representing the reduction of the complex Cu¥~2, The errors involved in
the determination of the concentration of uncomplexed copper are about +
L#. This eliminates application of the method to the light rare earths,

The results for the heavy rare earths are consistent with the potentiometric

measurementa, The polarographic chloride values are given in Table 11
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Table 11

Polarographic Debtermination of Rare
Barth-EDTA Stability Constants™

Rare Barth % Uncomplexed copper log Kyy
0a®3 16 17.4
To*3 | 2l 17.8
py*3 33 18.2
Ho*3 40 18.5
Er+3 50 18.8
T3 57 19.0
n* 6 19.3
1 69 19.5

*
Temperature = 20.00 + 0.02°C; ionic strength = 0.10; supporting

electrolytes = KCl.



and are also represented in Figure 1.

The assumption of the formation of rare earth chloro complexes was
rechecked by determining the ytterbium value with perchlorate as the
supporting electrolyte. This value was found to ldentical with the
polarographie nitrate value. The stability constants of the rare earthe
EDTA complexes hava been meagured by two other groups of workers,

Vickery's work (22) was published in May, 1952, and became accessible

about the time the author had completed the potentiometric and polarographic
measurements of the rare earth-EDTA stability constants. The resulis |
obtained by Schwarszenbach (37) were published a year after those of the

author (21). All of the values are shown in Table 12 for comparison,

The HEDTA stability constants. The accuracy of the HEDTA stability

constants depends directly upon the accuracy of Kg,ye This constant was
determined at 29.6°C. However, its magnitude would probably not be
changed much more than the experimental error with a temperature change
of only L.6°C. Schwarzenbach reports & value of 18.8 for K.y» measured
at 20°C, while loomis gives a value of 18.6 for the same constant wmeasured
at 25°¢C,

Since the rare earth-HEDTA complexes are all considerably weaker than
the copper-HEDTA complex, a resction such as that represented by eguation
VIII does not occur in the rare earth~HEDTA systems. This is substantiated
by the consistency of the ~log Kyy vaiuaﬁ for given rare carths (see
Table 6).

A Beckman Model GS pH meter was used for the HEDIA potentiometric

measurements. The pH values obtained with such an instrument are more



Table 12
Stability Constants of the Rare
Earth~EDTA Complexes™®

log K log K

Rare This research log Kyy ; Schwabienbach (37)  Vickery (22)
Earth {Potentiometric) {Polarographic) {Polarographic) (Potentiometric)
1a*3 15.1h - 15.50 15.30 -
cet3 15.81 S 16.0 15.98 16,05
prtd 16.17 16.2 16.40 16.55
na*3 16,48 16.4 16.61 16.75
sut3 16.97 16.7 17.1 1.2
Bu*3 17.11 16.9 17.35 -—
aa¥3 17.12 17.0 17.37 ©17.2
43 17.67 17.50 17.93 -
ny*3 18.0 18.17 18.30 17.75
Hot3 18.1 18.73 - -
~Er3 1B 18,97 18.85 18.15
Tu*3 19.07 19.49 19.32 -
To#3 19.1 % 19.61 19.51 18.70
w#3 19.5 20.07 19.83 ---
S o2 17.8 17.98 . 18.09 18.0

g o

*kll valuss were measured at 26°f3_and at an ioniec sirength of 0.10.
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accurate than the buffer used to standardize the meter. Since sufficient
buffer solution was prepared at the beginning of the experiments to
standardige the pH meter with the same buifer each tiuwe, the pH
measurements have an absolute accuracy of only 4+ 0.0l pH units, but have
a relative accuracy of + 0.0025 pH units, the limit of the pH meter. ™ /77

Thus, errors in determining the pH of tﬁé various solutions have an
effect upon stability constant of enly + 0,03 units. Because of the
uncertainty of the values of other constants, kﬂatren’ Kpoyr a0 Koo
the values of log merepwtad in Table 6 preobably have an absolute
ungertainty of about 4+ 0.2 units. The relative valves of the constants
within the rare sarth series are probably of the order of + 0.06 units
or less,

The uncertainty in the values of the polarographically determined rare
earth-HEDTA stability constants is much larger., This is a direct result
of the instability of K compared o Ky ye The equilibrium in equatim
VIII is shifted predominately toward the left. As a result, less than 20%
of the total copper ié uncomplexed. Since an error of 4+ 2% is committed’
in messuring the copper, the constant Kyy is accurate to only + 0.2 to
* Ouh units. With a relative error of this magnitude, a comparison of
values of Kw given in Tables 6 and 9 shows that the values determined by
two independent methods do agree reasonably well. The errors are so great
that the light rare earth constants could not be measured by polarography.
Figure 2 shows the potentiometric and the polarographic values with
unecertainties estimated on the basis of information glven above.

Only one other rare @arthwm stability constant is available

for comparison. Fulda and Frits (L3) report a value of 13.0 + O.4 for
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log KLaV' This value compares favorably with the value of 13.22 reported
in Table €., It is unfortunate that the value reported by Fulds and
Frite has such a large uncertainty.

Summary and Conclusions

1., The stability constants of the complexes formed between the
rare earth metal ions and the anion of ethylenediaminetetraacetic acid
have been measured st a temperature of 20.0°C and an ionic strength of
0.10 by two independent methods. The two methods are shown to supplement
each other, one being more aa&urata for the lighter rare earths and the
second method more accurate for the heavy rare earths.

2 In the first method, the rare eurth-EDTA stability constanis were
calculated from measurements of the equilibrium constante of reactions
involving cempetitian between EDTA and a polyamine chelating agent,
triaminotriethylamine, for the rare earth ions. The equilibrium constants
were calculated from pH measuresents upon the various reaction mixtures.

3. | The second method is based upon the faet that it is possible
to measure the conceatration of free uncomplexed copper II ions in the
presence of the copper complex, CuT"2, by polarographic means. The
rare earth-EDTA stability constants ave determined by measuring the amount
of copper II ions liberated when equal molar quaniities of the copper=
EDTA complex and a rare earth salt are mixed together.

he The acid asscciation eonstaﬁta of Nehydroxyethylethylenediamine
triacetic acid were measured from pH titration curves obtained by

. potentiometrically titrating the acid with standard KOH at 25.0°C and



an ionic strength of 0.10.

5. The stability constants of the complexes formed betwesn the
rare earths and the anion of Ne~hydroxyethylethylenediaminetriacetie
acid were measured at a temperature of 25,0°C and an ionic strength of
0,10. The methods used were those described in paragraphs 2 and 3.
The potentiometric method is shown to give more accurate constants

with these particular chelates.
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SEPARATION OF THE RARE RARTH3 BY ION-EXCHANGE METHGDB
Historical Review

No attempt has been made to review the extensive literature dealing
with the separation of the rare earths by non ionw-exchange methods, since
they have little or no application to the work described in this thesis.
The separation of any of the trivalent rare earths in puée form by the
e&rly fractionation methods required a great amount of time and labor.
'Gmnsequﬁntly, it vecame obvious to these concerned with the problem that
if the pure rare earths were to become available in useful quantities,

a method or methods would have to be developed whereby the thousands of
fractional operations needed could be performed rapidly and automatically.
The development of ion-exchange techniques has provided a means of
accomplishing this task.

Any separation that is achieved by chromatography or ion exchange
reéults from repeated application of the equilibria described in
simplified form by equation (IX) and equation (X)

%W " Vﬁrw,_—_.‘ VHQW - wrw (1x)

a3 e rt = url 4 w9 (x)



) ;{x = [M] [H] (51)
(u] [r]

Equation (IX) repreaenﬁa the simple exchange of a cation in solution for

a different cation on the resin. KIX will usually be difierent for each
pair of cations conslidered. In some cases KIX will have a value very close
to unity. This means that the resin exhibits very little selectivity
between the two cations considered. When KEX has a value significantly
different from unibty, the two cations can usually be separated by a simple
elution down the exchange medium by & third cation.

Equation (X) represents the exchange of one rare earth ion in solution
for s different rare earth ion in a chelate complex which is also in the
solution phase, Since it is difricult to represent unambigiously all
possible chelate exchange reactions by a simple general eguation, the
rare earth ethylenediamlnetetraacetate exchange is given as an example.

Ky has a different value for each of the rare earths. This means that

in z mixbure of two different rare earth ions, the chelating agent prefers
to complex with one rather than the other., This preference provides a
second means of separating the lons.

For ions of the same charge, the absolute magnitude of Ky is usually
much greater than the absolute magnitude of KIX’ Some rare earth
enrichments have been achieved by the use of the simple exchange represented
by eguation (IX), but more of the successful separation methods involve
the use of a complexing agent. In such processes, both KIX and Kx are
involved. 8ince it is possible to have equation (IX) enrich in one

direction and equation (X) in the opposite direction, care must be
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exercised in the choice ol cperating conditions, the exchange medium, and
the chelating agent. A reverse enrichment by equation (IX} can be
tolerzted if, and only if, | le»lxrﬂ .

Separations reported prior to the year 1945

The first attempt to separate rare earths by a chromatographic

technique was made by Land and Nagel (58) in 1936, They"propose&’a
method which depends upon the difference in adsorbability (in Kxx).
A chromatogram was developed with pure solvent. Then, the whole adsorbent
phase was extruded bodily from the column and the individual concentration
zones isolated by excision. These workers were able to obtain some slight
enrichments, but no separation of any rare sarths,

Five years elapsed before any other attempts at rare earth chromato-
graphic separations were reported. In 1941, Finnich and Italian papers
deserlibing work with alumina columns were published. Erdtmetsa and his
co-workers (59,60) passed mixtures consisting of commercially available
yttrium and erbium nitrates of known composition through an a2lumina
column at different pH values. Effluent fractions were examined by
spectrographic and othermethods of analysis. The yttrium group was,
in general, more strongly adsorbed than the cerium group, and the
enrichments seemed to be fairly independent of the pH. No gquanrtitative
evalugtion of the concentrates was obtained, It is of speclsl interest
that these workers éeveiapeé chromatograms of the eitric acid complexes
of the rare earths, and that a reversal of the usual adsorption series

for the light rare earths then took place; indicating that the equilibrium
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described by equation (X) became dominant over that deseribed by equation
(1X).

Craotto (61) developed a chromatogram of a binary mixture consisting
of trivalent lanthanum and cerium on a column of activated alumina. He
reported only that cerium was more strongly adsorbed than lanthanum.

The use of ion~exchange mabterials for the attempted separation of
the rare earth elements was reported for the firet time in 1943 by
Russell and Pearce (62). They carried out single and multiple stage
operations., Various ion exchangers were tesied and colums fifty feet
long, contalning crystallite Ho. 20 as exchanger, were used in the multiple
stage experiments. These authors did not usé chelating agents in their
- experimental work. The rare earth ions of decrsasing ionic radius were,
therefore, attached more firmly to the zeolite lattice than the larger
ions. By regeneration of the base exchanger, the rare earth lons were
differentially removed; the largest ions tending to be removed first.
Russell and Pearce obtained some enrichments, but were not able to separate

any adjacent rare earths into pure componenis.

Development of the cilric acid procedures

The occcurance of rare earth elemente in the fission products
provided great impetus to the development of lon-exchange separations
within the Manhatten Project. This effort has been briefly reviewed by
Jehn&an. Quill, and Dsniels (63). Two separate ione-sxchange projects
were carried out}; the development of methods for geparating the fission

products on a radio-iracer scale, and the development of methods whereby
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macro quantities of the pure rare earths could be separated. The latter
separations were necessary before the physical and chemical properties
of the individual pure rare earths could be investipated. Both projects
were tremendously aided by the development of various high~capacity

synthetic organic ion-exchange resins,

Resin properties and eolumn technigues.” Most of the successful

rare earth ion»exehange’aegaratiana have been carried out on high-capacity
nuclear sulfonated styrene-divinylbenzene copolymer type resins. These
resins are sold under such trade names as Nalcite H(R, Dowex-50, and
Amberlite IR-120,
The hydrogen ions from the acidic groups can be replaced by other
cations. If hydrogen is attached to these groups, the resin is said
to e in the hydrogen state or cyecle and, similerly, if ammonium or sodium
ions are attached, the resin is said to be in the ammonium or sodium cycle.
Due to the porous structure of the resin particles, positive ions
and neutral molecules can diffuse throughout the resin as long as electrical
neutrality is maintained. Whenever a pcsitivalyveharged ion enters into
the resin lattice, it is necessary that an anion accompany it or that
another positive lon leave the resin phase, If the ionic strength of
the solution outside of the resin particles is kept low, nepative ions are
effectively prevented from entering into the resin phase by the relatively
high concentration of fixed negative sulfoniec acld groups within the

resin particles. It has been c¢learly shown by many experiments that each

*5 preliminary description of ion-exchange resins and lon-exchange
column operations is presented prior to a review of the citrate processes
for the benefit of the reader who may be unfamiliar with such operations.
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gram of dry resin has a fixed number of acid groups, depending upon the
manufacturing conditions. Thus, if the Llonic strength of the external

solution is kept relatively low, the resin will exchange an equivalent

number of positive ch&rg@ﬁ; whether they are associated with hydrogen,

ammonium, calecium, rare earth, or any other cation.

An ionwexchange colwm 1s prepared by washing the appropriate resin
particles into a glass tube; open at one end and containing a filtering
device such as glase wool or a sintered glass disk at the other end so
as to support the resin bed within the tube. The column is fabricated in
such a manner that the solution can be withdrawn from the column, below
the filter support, through a small tube, and the {low rate regulated
by a pinch elamp., Usually a number of columns are prepared and used
simaltanecusly.

The resin beds are backwashed with water, prior to use, in order
to eliminate any fine psrticles which were not removed by previous
sereening and to obtain a unifermly packed bed. If rare esrths are to
be separated, mixed rare sarth oxides are dissolved in hydrochloric acid
and a known quantity of the acid solution is poured into the columne-
the amount depending upon the length of adsorbed band desired and the
diameter of the bed. The rare earth lons displace an eculvalent quantity
of ions from the resin and form a saturated band of rare earths at the
top of the column. The associated anlons and the displaced cations are
washed from the resin by pure water, The column, prior to elution,
}consists of an absorbed band of rarve earths at the top of the exchange
bed and an absorbed band of hydrogen or ammonium ions below 1t, with a

very sharp and level band front between them.
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The elution process is accomplished by passing a solution containing
an ammonia-buffered chelating agent downward through the columm at a
contreolled rate. A4s the band of rare earths is displaced down the column,
separation is achieved by the competition of the resin and the chelating
agent for the rare earth ions., Since some rare earth ions form stronger
chelates, they tend to concentrate toward the front of the rare sarth
band; leaving the rare earths which form weaker chelates to concentrate
toward the back of the band. Break-through occurs when the rare earth
ions first appear in the eluate sclution. The separation process is
completed by fractionatiﬁg the rare earth containing eluate solution as

it flows from the column,

Elution with 5% eitric acid at low pH. The process by which rare

earth ions are eluted down an ion-exchange resin bed in the hydrogen
cycle-~in a few specific cases in the ammonium cycle--with a solution of
S#% citrie acid, buffered to a pH of 2.5 to 3.2 with ammonium hydroxide,
was developed during and immediately after World War IT at the Ames lab
(L7,L8,49) and simultaneously and independently at Oalk Ridge (6l;,65,66,
67,68,69). Spedding and his co-workers were primarily interested in
developing a process for sepasrating macroscopic quantities of rare earths
in pure form, while the scientists at Oak Hidge were interested primarily
in rare earth separations on a radlo-tracer scale.

When a band of adsorbed rare earth ions is eluted with 5% citric
acid at a pH of 2.5 to 3.2, the band spreads out asit progresses down
the resin bed and continues to expand as long as it 1s on the column.

Analyses of the resin show that the mole fraction of rare earth to ammonia



w86

continually varies throughout the adsorbed band. The concentration of
rare earth per unit length is not constant across the lengtih of the band,
but is greatest in the center. Consequently, 8% the rare earth band
moves off the bottom of the colwmu, a bell-shaped elution curve-
concentration versus volume-~is observed., As a consequence of the
contimally lengthening band; the longer the column through which a band
is eluted, the {latier will be the bell-shaped elution curve., The
ammonium lon of the sluant constantly overrides the rare earth band front;
resulting in the elution of the rare carth band down an ammonium resin.

A pumber of experiments were performed at (ak Ridge uwsing ammonium-cycle
resins., The results obitained were practically the same as with a hydrogen~
 eycle resin., The individual rare earth bands travel at different rates

so that their maxima grow progressively farther apart ss the elution is
carried out. The overlapping of one band into another is considershble
unless the adsorbed band travels many times ite original length.

This method is very satisfactory for sepsrating tracer quantities
because the originally adsorbed band may be only a few millimeters long.
Such 8 short band can very easily be eluted many bhand lengths, and a
continually growing band is desirable, if not absolutely necessary, for
fractionating the separated lons as they elute c¢ff the bottom of the column.
 The very factors which make the method desirable for tracer«scale
separations make it ineffective for separating macro quantities. In such
separations, the originally absorbed band may be several meters long.
Because of this, and the band's coninual growth, it is extremely impractical
to elute the band enough lengths to effect & good separation. The
research described in this thesis is primarily concerned with the separdtion
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of rare carths on a macroscopic scale. Therefore, no further attempt is
made to review the numerious papers found in the literature describing

elubtions with 5% citric acid.

Elution with 0.1% citric acid at high pH. It became evident to

Spedding and his co-workers at Awes that elution with 5% eitric acid at
a low pH ie impractical for the separation of macroscoplc guantities of
pure rare earths, Spectroscopic evidence (50) was obtained which indicated
that four separate distinet complexes are formed between rare earth ions
and citric acids each one becoming important as the pH and citric acid
concentration are changed. Previous experiments had shown that the resin
bed over which a rare earith band had been eluted was completely saturated
with ammoniuvm ions. This indicated that a desirable process might be
one in which the rare earth band was eluted with a solution of low citric
acid concentration--to conserve expense~-and a high ammonium ion
canaan&rgtianwuﬁn ensure a rapid displacement of the rare esarth band.

In this method, a rare earth band is eluted down the resin bed with
a 0.1% eitric acid solution, adjusted to a pH between 5,0 and 8.0 with
ammonium hydroxide (51,52,53,54,55,56)s The only important rare earth
complex in this pH range was found to be the Mciﬁzﬁ ion. Under these
cenditions, the rare earth band spreads oub initially as it moves down a
resin bed, until it reaches an equilibrium value. The equilibrium band
length depends upon the eluant pH, bubt is approximately double the length
of the originally adsorbed band at pH 8.0. At lower pH values, the
eguilibrium length becomes greater and spproaches an infinite length in

the region of pH 5« The equilibrium bvand has very sharp front and rear
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edges. The elution curve 1s rectangular in shape rather than bell-shaped.
Under these conditions, the cancentr&tiam&faf the total rare earth, the
ammaniﬁm ion, and the hydrogen ion in contaet with any part of this band
are constant and the ratios of these conatant values are the same in the
eluate solubion as on the resin phase in contact with the solution.

. 8ince the ammonium ion does not overrun the rare sarth band, only pure
hydrogenecycle resin is found ahead of the adsorbed band and pure
amponlumecycle resin behind the rare earth band. If several individual
rare earth species are present in the originally esdsorbed band, they
tend to separate into individual bands which follow one another head to
tail as the total band 1s eluted down the column. The boundaries between
the individual species are very sharp once an aquilib:ium state has been
reached, but they do not pull apart from each other. The sharpness of
the individusl rere esrth band fronts is a result of the equilibria set
up between the various rare earth specles and the slight differences in
¢it® concentration found for ﬁaeh of the individual rare earth bands.

The sharp front and resr edges of the rare earth band and the
rectangular shaped elution curve are a result of the constraining reactions
which take pi&éa at the front and rear edges of the band once egquilibrium
conditions have been establisheds When the ammonium citrate eluant
resches the resar edgee of the rare earth band, the ammonium ions are
exchanged for rare sarth lonsj the ammonium ions being adsorbed on the
resin, and the rare earth iong being chelated by the citrate anions,

The equilibrium constant for this reaction is cuite large so the reaction

goes to completion. As the rare earth cltrate complex passes through the

rare earth resin bed, & continual exchange takes place. The citrate anions
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compete with the resin for possession of the rare a&rth.ions; Separation
is achieved by this exchange since each time an exchange takes place, a
separation coefficient is applied to the system. When the rare carth
citrate complex reaches the front edge of the band, the rare earth is
readsorbed on the resin in place of hydrogen and citric acid (wnich then
flows on out the bottom of the column) is formed. Once again the
equilibrium constant is very large and the resction goes to completion.
The reactions at both ends of the rare earth band are driven further to
completion because the reaction products are removed from the reaction
Z0nes..

This method has been successfully used on & pilot plant scale (70).
Killogram quantities of all of the rare sarths have been separated with
a purity of 99.99% or better.

Spedding end Powell (71,72) have proposed a theory which explains
the formation of the sharp bands and the rectangular elution curves.
There are twelve important unknown variables in this system, but it is
possible to write twelve independent egquations involving only material
balances, electrical neutrality, stablility constants of the various
complexes formed, and the equilibrium conditions., The authors found
that, knowing the composition of the eluant, the capacity of the resin
bed, and the total amount of rare éarth adsorbed on the resin, they could
solve the twelve equations and caleulate the concentrations of all ionic
species in the eluate and on the resin to betier than 1% acouracy. The
theory also enabled them to calculate the equilibrium lengths of the

zdsorbed bands on the resin bed.
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Ion-exchange separations using amino~polyacetic acids

éew&ral amino-polyagetic acid chelﬁtimg agents have been used in
attempting to separate the rare earths by ion sxchange. Holleck and
Hartinger (73) performed a series of experiments in which they adsorbed
a mixture of light rare earths on a bed of Nalecite HCR resin and

selectively removed them from the column by pouring sueccessive gquantities

of a chelating agent through the columm. The rare earihs were initial;
adsorbed orlo various types of resin beds; namely beds in\tha”ﬁ§é§géé;,
sodium, potassium or ammonium eycle. The aubthors compared the
effectiveness of ethylenediaminetetraacetic seid, o-diaminocyclohexane
tetraacetic acid, bis(2-aminoethyl)ether tetrascetic acid and ethylene
glycol bia(ﬁﬁ@minu@%hyl)aﬁhar tetraacetic acid. They report that the
best enplichments were obltained with the last named chelating agent at
pH 6.75. However, they did not obtain any pure rare earths.

Several investigators have recognized the potentlal advantage of
using EDTA as an eluant for lonw-exchange gayératiana, but evidently
they have not found the proper conditions for separating the rare earths
by this means (7h,;75,76,77)s In all of the work thus far conducted,
except that to be described later in this chapter, & rare earth mixture
was sdsorbed on elther a hydrogen or an ammoni. um ¢ycle resin bed prior
to elutions When a rare earth baud is eluted onte hydrogen cycle resin
with smmonia-buffered EDTA, the sparingly soluble free acid of the
chelating agent crystallizes out of solution at the rare aarthwﬁyﬁrogan

boundary.
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This resultes from the great increase in the hydrogen-ion concen~
tration at the boundary as the rare earth band is eluted down the resin
beds In most cases, the acid precipitate blocks the column and prevents
further elution. Vickery (7h) énd Freiling and Myer (75) performed
some separations usling such a low elvant concentration that no precipi-
tate could be observed. Such conditions are not at all practical for
macroscopic separations. Taylor (76) performed some experiments with
an ammoniwa bed ahead of ithe rare earth band. He reported that the
ethylenediaminetetraacetate complexes of the rare eurths and thorium are
s0 strong that little, if any, exchange ovecurs between the complex and
the resin bed. Taylor amhsluéed that EDIA is suited only for siripping the
exchanger of aﬁéorbed ions.

Nitrilotriscetic acid was used by Iya and Loriers (77) to separate
scandium from the rare earths, The elusnt consisted of 20 grams of
nitrilotriacetic per liter adjusted to pH L with ammonium hydroxide. The
ions to be separated were adsorbed in a band at the top of a column of
Dowex~50 in the hydrogen eycle. Then, before pouring the eluant through
the column, & solution of ammonium chloride was passed through the
column to convert the hydrogen resin to smmonium resin. With such a
system, true elution probably did not oteur, The scandium and rare earth
nitrilotriacetate complexes are so stable that little or no readsorpiion
could have taken place., The ions were merely selectively removed from the
resin bed, scandium being removed first. Fitch and Hussell (76,79) used
& comparable method for selectively removing some light rare earths from
a bed of Amberlite IH-120 resin with nitrilotriacetic aeid. In this case,

25 grams of crude didymium oxide were dissolved in HCl and adsoried on a



bed of ammonium cycle resin from a solution of pH 2, A 0.5% solution
of nitrilotriacetic acid adjusted to pH 5.0 with ammonium hydroxide was
used to selectively remove the rare earths from the ¢olumn, A& fair degree

of concentraticn was achieved, but ne pure rare earths were obtained,

Use of EDTA as an Eluant

The stability constants of the rare earth-EDTA complexes vary from
1015+ 14 for lanthanium to 1020407 for lutetium. The difference corresponds
to a factor of 10lt+93 across the series or a mean of 2.38 from one rare
earth to the next. The rare earth-citrate complexes have not been measured,
but since EDTA is a possible hexadentate chelating agent while the two
citrate anions assoeciated with each rare earth ion are tridentate, the
rare earth-fITA constants should be much more sensitive to ionic size,
and the differences between them should ve larger than the differences
between those of the rare earthecitrate complexes. This section is
de#oted to describing the methods which were developed for ubilizing the
greater selectivity of EDTA to separate the rare earth elements by ion

exchange.

Ion-exchange regin used as a differential filter

Discussion of problem. The eltric acid methed for separating the

rare earths, as developed in the Ames Laboratory, depends upon the
adsorption of & bend of rare earths on a cation-exchange resin and the
subsequent elution of this band down the resin bed. However, a much more

rapid process could be effected if the lon-exchange columns could be used



to adsorb differentially one rare earth or group of rare earths from &
mxture and allow the others to pass through without being appreciably
adsorbed. vThis technique has been tried by Fitch and Russell (78,79) and
Iya and Loriers (77) using nitrilotriacetic acid.
| The process consists essentially of complexing part of the rare earths
in a mixture with EDTA, then separating ithe complexed rare earth ions
from the uncomplexed ions by passing the solution through an ion-exchange
resin bed in the ammonium cycle. The complexed ions pass through the
column while the uncomplexed ions are adsorbed on the resin., 4 resin bed
of sufficient capacity to adsorb all of the uncomplexed ions must, of
course, be usecd. EDTA is particularly useful in this type of separation
because of the stubllity of the complexes that are formed and the

selectivity of the chelating agent.

Materials, apparatus, and experimental procedures. Two separate

experiments were devised to show the utility of this method. The first
experiment involved the separation of a multigram sample of crude rare
earths, extracted from gadolinite, inte five enriched fractions. The
Sec@nﬁ experiment, involving the separation of neodymium from praseom
dymiugh was carried oult in order to determine the amount of time necessary

for the reschion
NAY™ 4+ Ert3 =— By~ 4+ NaP

to reach equilibrium conditions.



) 1

Fractionation of ore sample. A neutrsl solution containing 312

grams of mixed rare esrths, weighed as oxide, was obtained by dissolving

& known larger amount of ithe rare earth material in a limited amount of
hydrochleric acid and recovering the undissolved rare earth., A previously
prepared soiu%ian of diammonium éihyérogen‘gthyl&nadiamina tetraacetate,
containing the theoretical amount of EDTA reguired %o complex the heavy
rare earths in the mixture (75 grams), and adjusted to a pH of 10, was
added to the rare earth solution, and the mixture diluted to 90 liters.
After equilibration for 2L hours, the pH of the solution was adjustied
from about 6 to L5 by the addition of & ml of concentrated hydroehleric
acid. Following a second 2li-hour equilibration periocd, this solution was
passed rapidly through a L-inch diasmeter glass column conteining a L-foot
bed of Dowex~50 resin, and the column washed free of complexed rare earths
with pure water. The rare earths remaining on the resin were fractionally
removed by poufing four successive predetermined amcunts of EDTA solution,

which had buen adjusted to a pH of 9.5 with ammonium hydroxide, through

the column at a slow flow rate. Iwenty four hours were allowed for esch
fraction, 8o as to let the liquid remain in contact with the resin long
enough to approach equilibrium conditions. The five samples were recovered
and the concentration of the individual rere earths determined by
specirophotometric analysis. The resulis sre presenied in Table 13.

Separation of neodymium from erbium. A solution of the

neodymium-EDTA complex wag prepared by dissolving 16,000 grams of Ndy04
in hydrochloric acid, adding 29.6L grams of diammonium dihydrogen ethylene-
diaminetetiraacetate {not gquite encugh to complex all of the neodymium),
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Table 13

Grams of Hare Earth Oxide Hecovered from One Run on Gadolinite Ore

Sample Bample Sample Sample Sampla

Elements I I 111 v v Total
Iu ‘ 1.67 o 1.67
Yo 14,02 1.69 15.71
Tm ’ 1.55 1.22 2.77
Er 5458 9.83 15.41
Ho 1.0k 3.57 0.25 1,86
Dy 2.15 11,17 - 9.04 0.30 22.66
b 0.06 0.13 0.10 0.75 0.69 1.73
Gd 7437 5.80 13.17
Sm 3.87 5.2 9,29
Rd 3.75 Tehs 11.20
Pr 0.37 0468 1.05
Ce 0.81 . 2.27 3.08
la | 0.81 2.27 3.08

I 13.81 65.17 72.80 25.80 13.22 190.80

—————— A, o ——————

Totals  39.88 92.78 82,19 43.83 37.80 296.1,8
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and adjusting the pH to L.08 with ammonium hydroxide. The uncomplexed
neodymium was separated from the complexed neodymium by passing the
solution through a short column containing Dowex-50 resin in the
ammonium cycle. Then two drops of 131l HCL were added to adjust the pH to
L.55 and the solution was diluted to exactly 2 liters. A 100-ml aliquot
was removed from the solution and the rare earth recovered from the
aliquot sample and weighed as Mzﬁg. This analysis indicated that the
solution contained 7.473 grams of rare earth, weighed as oxide, per liter.
This concentratlon was checked by recovering the neodymium which had been
adsorbed onto the resin and subtracting it from 16.000 grams. This second
analysis gave a value of 7.h7h grams of rare earth, weighed as oxide,
per liter of solution. An erbium chloride solution, having an exactly
equivalent molar eerswntmtmn,: was prepared by dissolving 16.983 grams
of ErgOy in HCl, adjusting the solution to pH b5 with ammoniwm hydroxide,
and diluting the solution to 2 liters,

| The experiment was performed by mixing 100 ml of the neodymium
solution with 100 ml of the erbium solution and pouring the combined ;
mixture guickly through a eolumn contazining enough Dowex-50 resin in the
ammonium cycle to adsorb all of the uncomplexed rare earth ions present
in solutions The column was carefully flushed with pure water to remove
all complexed rare earth., Both the rare earth fraction which passed
through the resin bed snd that which was adsoried were r@covex;ed and the
composition determined by spectrophotometric analysis. A second experiment
wag performed in exactly the same marner except that the mixture was
allowed to equilibrate for 10 sminutes before being passed through the ione-

exchange column. The results are presented in Table lh.



Table 1i

Separation of Neodymium from Erbim

Sample Equilibration Grams of k@rm of

Yo. time {min) Rals in Ro0y
xture recovered ;‘;é Ery 0, % Ndg0q
Iy 0,0 0.841 L8 6oy
1.596
1-B 0.0 0,699 5.1 9h.8
24 10 0.830 9l 8 6.3
1.596
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Results and conclusions., The results given in Table 13 and Table

1 show that this method can be used to separate rapidly the heavy rare
earths from the light rare earths (80), Such a ®rough cut® would be very
advantageous prior to separating the heavy rare earths from each other

in high purity by other elution methods. It i3 known that the crude rare
earths extracted from gadolinite contain, by occlusion, small amounts of
beryllium, thorium, iron, and other impurities. Most of these impurities
would not be recovered with the rare earths by the oxalate precipitation
following the ion-exchange separation. This accounts for most of the
differences between the 312 grams of &263 in the original solution and the
296.5 grams of Kgﬁj recovered at the completion of the experiment. 4
very small part of the discrepancy may be due to the small solubility
losses which occur in this type of experiment because of the large
guantities of solution involved.

This method is very satisfactory for separating rare earths or groups
of rare earths which are a considerable distance apart in the rare earth
series, i.e., lanthanum from lutetium or lanthanum and cerium from
ytterbium and lutetiuvm. The methed is not satisfactory for isolating
pure rare earths from a naturally occuring mixture--which always contains
adjacent rare earths--because the separation coefliclents between the
individual adjacent rare earths are not large enough to give a complete

sgparation by the single application achieved in thls type of separation.

Elutions with iron IIT as a retaining ion

Discussion of problem. It soon became evident ithat some mechanism

had to be found that would allow the rare earths to be continually
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readsorbed onto the resin from the rare earth-EDTA complex as the rare
earth vand moves down the column if the rare earths were to be separated
from each other in pure form with EDTA. In citric acid systems, this
mechanism is proviéed by the ac¢id-form resin ahead of the rare earth
band. Acid-cycle resin cannot be used with EDTA because, unlike citric
aclid, the acid form of the chelating agent is qmita insoluble. The
stablility constant of the iron TTI=EDTA complex has been found to be
1925‘1 (36), much larger than any of the rare earth constants. A&n irom
II1 bed ahead of the rare earth band should serve much the same function
as a hydrogen bed for citric aeid elutions. When the tighﬁly held rare
earth complex comes into contact with the iron-phase resin, an exchange
should take place and the rare earth be readsorbed; ithe soluble iron
complex belng swept out the bottom of the column. These suppositions

were tested by'@xp@rimﬁntalkaepargiisnsqaud found to be true in part.

Materials, appsratus, and experimental procedures. Two successful

experiments were conducied using an iron III ion barrier. In the first
experiment, 5.00 grams of Ndy04 were mixed with 5,00 grams of Prglyys
dissolved in hydrochloric acid, and the solution adjusted to a pH of
5.2 with ammonium hydroxide. A bed of 30 to 40 mesh Dowex-50, 16 cm
long and 22 mm in diameter was completely saturated with rare earth ions
(recuired 5.790 grams, weighed as oxide) by passing the above solution
through the bed, followed by & wash of pure water to remove all
unadsorbed ions. A second bed, 20 cm long and 22 mm in diameter, of 30

to U0 mesh Dowex-50 was completely saturated with iron III ions by
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passing a solubtion of reagent grade iron III nitiate through the bed,
followed by pure water. The b@t£am of the rare egarth~cycle column was

then connected to the top of the ironecycle column and the rare earths
were gluted down the irmn«gyula bed at 200 ml per hour with an eluant of
lﬁ,grams of &i&mmeninm dibydrogen ethyleuaﬂiaminétetraae@tate per liter,
adjusted to a pH of 7.95 with ammonium hydroxide. The eluate was fraction-
ated into 200~-ml samples. The ¢a$@@$itian of the individual fara earth
samples, recovered from the eluate by oxalate preeipitation, was determined
by spectrophotometric analysis. The results are shown in Table 15.

The éﬁaendmaucuesaful elution was garried out with the same
equipment and in exactly the same manner as the first experiment except
that a flow rate of 50 wl per hour was used rather than 200 ml per hour,
The rare earth column contained 5,9012 grams of rare earth weighed as
oxide. The eluate was again collected in 200 ml fractions. The results

from the second elution are shown in Table 16,

Results and conclusions. A fair degree of separation was attained

in these two ax@er&mﬂn%s {81), but iron itrailed quita‘badly into the

rare earth band. In these preliminary experiments, only short resin

beds were used., Subsequent experiments with longer resin beds indicated
that iron III is not the most desirable retaining ion. It was found that
the pH range of the eluant was very limited with the iron III system. If
the eluant 1s too acidic, the acid th tends to precipitate in the
interstices of the resin bed and, if it is too basie, hydrous ferric

oxide clogs the bed. Some ion having a more soluble hydroxide than iron
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Table 15

Separation of Neodymium from Praseodymium (Run I)

Sample No. Grams of RgOy % NdpOy % Prg0y
1 0.0798 | 97+h 0.9
2 0.4747 9742 1.6
3 0.7028 96.7 3.2
L 0.7455 87.7 13.1
5 0.7927 63,6 37.2
6 0.806k kb 66.6

7 0.8101 | by 1.8
8 0.8326 5.3 93.5
9 0.5163 2.1 9645

10 0.0026




Separation of Neodymium from Praseodymiwm (Run II)
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Table 16

Sample No. Grame of 320}; % NapQs % Prg0yy

1 0.1200 100 .-

2 0.6710 100 -

3 0.8886 97.8 1.5

L 0.8652 93.3 5.7

5 0.8468 46.6 52.5

é 0.8457 3.3 96.7

7 0.8L3L --- 100

8 0.817h --- 100

9 0.0108

Total =

59089
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IXY would be a more desirable choice for the retaining ion in this type

of alution,

Elutions with copper 11 as a reteining ion

Discussion of problem. Consideration of the stability constants

for the EUTA complexes with the rare earths and other metal ions (37)

| shows that copper II, nickel II, and lead II should serve to retain a
nusber of the rare earth ions. In solutiohs having an ionic strength of
0.1y the $%abiiity constants of the EDTA complexes with these ions lie
between the arbiumfanﬁ‘dyagra&ium.&anwtéatﬁ; - However, the relative
stabilities of the EDTA complexes are not the only factors which determine
the order of elution of ions from ion~exchange beds; particularly ions of
different charges. The general rule for the order of afiinity of ions for
cation exchange resins is N&h'> ﬂﬁ§'> 3?3-7» ¥*. This means that, while
copper II is complexed less strongly than erbium by EDTA, the rare earths
are, in general, msra'fivmly attached to the resin. The two effects are
complimentary and copper II can be eluted abead of all of the rare earths
under carefully controlled conditions. The following sections illustrate

the conditions that are necessary snd the results that can ve achieved.

Materials, apparatus, and experimental procedures. 4 LO to 50 mesh

bed of Dowex-50, 25 om long and 22 mm in diameter, was completely saturated
with an approximately equal molar mixture of neodymium and praseodymium
ions., The column was loaded from a solution prepared by dissolving 9.00
grams of NdpOy and 9.21 grams of Prglyy in hydrochloric scid and adjusting
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the pH to 5.0 with ammenium hydroxide. The loaded column was flushed with
pure water tclremove all unadsorbed ions and the excess rare earth was
recoverad. A second bed of 40 to 50 mesh resin, 67 cm long and 22 mm

in diameter, was saturated with copper II ions from a sclution of reagent
grade copper II sulfate and washed clesr of all unadsorbed lons with pure
water, The two columns were then connected in series and eluted with a
solution containing 10 grams of diammonium dihydrogen ethylenediamine-
tetraacetate per liter, adjusted to pH 7.46 with ammonium hydroxide. The
flow rate was maintained at & constant value of 0.3 cm per minute and the
eluate was collected in 200-wl fractions, Under these conditions, the
rare sarthecopper boundary was very sharp. Only the intermixing due to
the tilting of the band front could be detected. The rare earth samples
recovered from the eluate fractions were analyzed both specirophoto-
metrically and apéetragra§h&cally. The results of this experiment are
presented in Table 18. Two similar separations were carried out using
eluant pH values of 7.97 and 8Ji7. The important column loading data
for all three experiments is presented in Teble 17. The analytical
results for the second and third separation are given in Table 19 and

Tsble 20 respectively.

Resultes and conclusions, The results depicted in Tables 18, 19

arnd 20 indicate very clearly the enormous advantage that can be gained by
using the coppsr-EDTA system in preference to any other known method for
separating adjscent rare easrths. It showld be noted that the econcentrations

of the rare earths in the EDTA solution are about ten times as great as
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Table 17

Column Ieading and Elution Data for

Heodymium~Praseodymium Separations

Run I Bun II Run III

Grams of oxide sdsorbed on

primery column 11,8458 11.6194 11.6017
pH at which rare earth was

loaded 5.00 L.90 5.18
pH of sclution from whieh copper

I lons were loaded on

secondary column 3.96 3.96 3.96
pH of eluant 746 797 B.47
VYolume of elution fractions 200 mi 250 ml 250 ml
Grams of oxide recoversd ’

from eluate 11.2667% 11.3730 10.0598%

“Sum@ eluate solubtion was lost due to fallure of electrenic bottle

changing apparatus.
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Table 18

Separation of Adjacent Rare Earth (Run I)

Sample No. Grams of ROy b Prglyry & Ndg0y

recovered
1 0.1136 | < 0.08 > 9949
2 0.5830 < 0.08 > 99.9
3 0.7228 < 0.08 29949
L 0.7153 < 0.08 2999
5 0.7252 < 0.08 > 99.9
6 C.7230 £ 0,086 >99.9
7 0.72L0 < 0.08 >99.9
8 0.7214 3 95
9 0.7005 28 67
- 10 07056 75 22
11 0.7023 98 2
12 0.6817 999 0.2
13 0.6890 > 99.9 < 0.06
1k 0.689L 2 99.9 < 0.06
15 0.6886 > 99.9 < 0.06
16 0.6926 79949 < 0,06
17 0.6887 >9949 < 0.06
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Table 19

Separation of Adjacent Rare Barths (Run II)

Sample No. Grams of RpO3 % Pre011 % NdgO3
recovered ; ‘
1 0.4126 < 0.08 >99.9
2 0.958L < 0,08 > 9949
3 0.9519 < 0.08 >99.9
L 0.9867 <& 0.08 > 99.9
5 0.9575 < 0.08 >99.9
6 0.9453 n 88
7 0.9400 6y 3k
8 0.9283 96 k
2 0,9213 99.9 0.1
10 0.9156 >99.9 < 0.06
1 0.9122 >99.9 < 0.06
12 0.9167 >99.9 < 0.06

0.6265 >99,.9 < 0.06

&




Table 20

Separation of Adjacent Rare Earths (Hun III)

Sample Ho. Grams of K203 % ?réan % Hdz%

recovered

1 0.2634 < 0.08 > 99.9

2 1,008k - < 0,08 > 939

3 1.0837 < 0.08 > 99.9

L 1.0816 < 0,08 > 99.9

5 1.0963 19 79

6 1.0496 95 6

7 1.0307 98 L

8 1.043L > 99.9 < 0.06

9 1.0437 . > 9949 < 0406
10 1.03%0 > 99.9 < 0.06
11 0.3180 > 99.9 < 0,06
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was found expedient in the ¢itrate elutions. This increases the elution
rate snd decreases the amount of pure waler needed.

In the sepsration of rare esrihs by the various eitric acid methods
(56,67), there are certain groups of elements which are very difficult
to separate, These groups are lutetium-ytterbium, dysprosiumeyitriume
terbium, and gadoliniumeeurcpium-samsrium. Powell (02) has spplied the
copper-EDTA method to each of these three tmuublasamﬁ groups with
excellent success. Powell's sepsrations were carried out using an eluant
solution of approximately 2% dihydrogen diammonium ethylenediamine-
tetraacetate adjusted to & pH of 8.5 and a linear flow rate of 0.5'cm
per minute. Later production separations have indicated that the best
results can be obtained with an eluant of 5 grams of the éiamm&niu% salt
of EDTA per liter adjusted to a pH between 8.0 and 8.2. |

The operating conditions for the copper II-EDTA method must be
carefully controlled, but the pH range is counsiderably broader than the
pH range for the iron III-EDUT4 method. Agsin, if the eluant pH is too
low, the acid Eh? will precipitate in the raﬁiﬁ bed an& hamper the
operation of the colwan, If the elvant pH is too high, a copper éomple#,
CunX, precipitates and causes troubles 41 & concentration of 5 grams of
the diammonium salt of EDTA per liter, the eluant pH must not be above
t.2 or some of the heavy rare earths from erblum to lutetium may pass

through the copper barrier and be lost.
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Separations Using HEDTA as an Eluant

Discussion of problen

?wa important facts can be observed from Table 6 and Figure 2. First
of all, there is no significant variation in the magnitude of the stability
of the rare sarth~HEDTA constants from samarium to erbium. This means
that lititle or no separaition of these elements from one another could be
obtained by an icon-exchange elution when HEDTA l1s used as the eluting
agent, The second important faet Lo observe is bthe very dramatic shift
éf the ytirium stability constant from ite usuwal holmium-dysprosium
region to the neodymium-prasecdymium region. Since the KgﬂB leached from
gadolinite ore contains 0% ytiriwn, 25% light rare earthe and only 15%
heavy rare sarths, this shift presents the possibility of a very fast
and economical removal of ytirium from the more d@ﬁiraﬁle heavy rare earth
fraction of the ore. HEDTA has the advantage of being quite soluble in
acid selutions, so it can be used to elute rare earth bands directly onto

resin in the hydrogen cycle without any precipitation trouble.

Materials, apparatus, and experimental procedure

Four h~inch Pyrex glass columns 5 feet long, filled to a depth of
L5 feet with 100 to 200 mesh Dowex-50 x 12 cation exchange resin, were
used for the experiment. The resin in each column was carefully back-
washed several times to insure a uniformly packed resin ved. The resin
bedes were next re@aﬁﬁitiaﬁ@ﬁ by paurimg several hundred liters of 5%
ammonium citrate solution, whose pH was aboubt 8, through the columns.

The citrate solution was followed with 100 literse of one normal
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hydrochloric acid. OSuch a reconditioning removes sll unwanted cations
and leaves the resin in the hydrogen cycle. Of course, all excess acid
- was removed by washing with pure water.

A 1500 gram sample of crude ore (RQQB) was reprecipitated to remove
non rare earth impurities, and 14,00 groms (us Ry03) were dissolved in
HC1 and the solution diluted to 20 liters, ?ha first of the four columns
was disconnected and the resin placed in the rare earth cycle by passing
the 20 liter sclution of mixed rare earth through it, followed by pure
water to remove sny excess rare esrth lons,. The rare earth in the effluent
was recovered, converted to oxide, and found to weigh 177 grams. Thus
1223 grams (as RpO3) were adsorbed on the icn-exchange resin.

The rare earth saturated column was then reconnected to the other
three columns and the four column system was eluted at a rate of 120 ml
per minute with a solution containing 5 grams of HEDTA per liter, buffered
to a pH of 8.60 with anmonium hydroxide. It required about 720 liters of
such an eluant to diapiacé the rare earth band one vand length down the
system. As the eluate flowed from the bottom of the fourth column, it
was fractionated into 20-liter fractions. The rare earth in each fraction
was recovered and converied to the oxide. The content of the individual
rare earths in each fraction was determined by specirophotometric and
spectrographic analysis. The analytical results are presented in Table
21,



Table 21

Separation of an Ore Sample with HEDTA

Sample #Yb ZTm FE $Ho %Dy £Tb $G4 %Sm YN  EPr %1lu Y%
%{0" ) C&, Zia
1 39 8 16 2 10 2 7 L 13
2 13 L 30 6 29 2 10 6 5
3 5 2 19 7 37 2 23 10 ) 1
L 4 1 10 & 37 2 26 15 1
5 2 i 7 5 3k 2 29 20 2
6 2 1. L L 28 2 27 25 12
7 2 1 3 3 20 2 27 25 20
8 2 1 2 2 12 2 20 21 39
9 2 1 2 1 5 2 14 13 61
10 2 1 2 1 4 0.8 8 8 h
1 2 1 2 0.5 2 Oy L b 85
12 2 1 2 045 2 0.3 3 3 88
13 1 1 2 Oy P 0.3 3 3 89
1k 1 1 1 043 2 0.1 3 2 0.2 90
is 1 1 1 043 2 0.3 3 2 0.2 90
16 1 1 1 0.2 z 0.2 2 1 O 92
17 w1 1 042 1 0.2 1 1 . 0.5 95
18 H 0.6 Obs 0.1 0.1 0.2 1 0.7 Cels o7
19 M 0.5 0y 0.1 0.1 0.1 1 0.7 1.1 96
20 ¥ 0.5 C.h 0.1 0.1 0.1 0.7 0.6 0.8 97

*Petermined as differences The lutetium is concentrated in samples 1,2 and 3. Alwmost all of
the difference from sample L to sample 3L is due to yttrium. The cerium and lanthanum are
congentrated in samples 35, 36, and 37.

T S - , . ’
Indicates measurable content of less than 1%.

"';ETI"’
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Results and conglusions

The results, as indicated in Table 21, show too much trailing of the
heavy rare earths into the yttrium region and no separation of any of the
rarve earths from samarium bo lutetium. This separation is inferior to
that which can be obtained by the copper-EDTA method. The results do
show that the yttrium is concentrated between samarium and neodymium;
thus giving support to the correctness of the yiiriunm-HEDTA etability
conatant, A

It would be helpfnl if a chelating agent, such as HEDTA, could be
found which wonld shift the elution posgition of ytirium even farther into
the light rare earth series than does HEDTA. The elution of the crude
rare earths, as extracted from.ga&olinite,‘by'sugh a chelating agent
would make possible the isolation of the samarium to lutetium rare earths
away from ybttrium and the light rare sarths. The heavy rare earth fraction
could then be eluted by the copper II-EDTA methed. This would greatly
reduce the amount of labor and expense necessary to separate the samarium
to lutetium rare earths away from each other in a high state of purity.
It would be relatively simple to separate the light rare earths away

from each other and from yttrium by the copper II-EDTA method.

Summary and Conclusions

l1s A rapid method for separating rare earths into enriched fractions
has been developed. The process consists of complexing part of the rare

earthe in a mixtore--those rare earths which form the more stable

complexes—-with ZUTA and separating the complexed rare earth ions from
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the uncomplexed rare earth ions by passing the mixture through an ione
exchange column in the ammonium cycle. The complexed ions pass through
the resin bed, but the uncomplexed lons are adsorbed.

2e A meth@d‘haﬁ been found for separating pure rare earths in
maltigram quantities from rare esrth mixtures. The method consists of
eluting & band of mixed rare earths, adsorbed on a cationw-exchange
reain, through & second cationwexchange resin bed in the copper II or
iron 11T state. Copper was found to be far superior to iron. The eluant
congists of an ammonia~buffered solution of ethylenediaminetetraacetic
acid. | E

3. The elution of a mixture of all of the rare earths down an
ion~exchange bed with an amponia buifered sclution of HEDIA indicated that
this chelating agent is not as effective for separating the heavy rare

earths as the EDTA~copper Il system under the conditions tested.
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