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I. INTRODUCTION

The rere esrth elements sre highly desirsble and
in great demand as regearch tools for fundamentsl scien-
tific studiea. Many of the present-dsy theories of
physice, chemistry snd metallurgy could be tested oriti-
cally using this serles of elements, since the rare
earth atoms 4iffer from each other structurslly only by
the number of electrons contained in the shielded L-f
subshell and the number of protons in the nucleus. To
date, such studies have not been adequate due to the
searelty of pure rare earth salts, in spite of the faect
that these elements occur in moderste abundance in
nature, They sre generally found in rather low concen-
trstions in minersls; are always ssgoclated with each
ether; and, becauge of thelr chemical gimilarity, are
extremely difficult to lsolate by the classlical methods
of frectionsl orystellizstion and precipitation.

In recent years, hawever,,&ore practicael methods
of geparating the rare eerths by mesns of lon-exchange
have been developed at Ames (1, 2, 3, 4, 5, 6, 7, 8)
and elsewhere (9, 10, 11, 12, 13, 1%, 15, 16). Using
the Ameg procedureg, all of the naturally ococurring
rare eartha heve been isolated spectrographically pure

in spprecisble quantities snd heve become much more



readily available for reseasrch purposes. As is fregquente
1y the case where the demand is grest and the supply
limited, the art of separating the rare earths by lon-
exchange has advanced more rapldly than has the sclence
of their geparation. Consequently, 1little 1s known

about the true mechanlsm of the process, although much
has been learned regarding the oonditions necessery for
geparation. The lnvestigations deseridbed in this thesis
were performed in order to obtain fundamentsl informstion
concerning the mechanigm of thelr separation when dilute
smmonium clitrate golutions ere used in cenjunction with

& sulfonated styrene~divinylbenzene copolymer,
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II. HISTORY AND PRESENT 3TATUS OF THEORIES
OF ION~EXCHANGE

A, History

The dlecovery of lon-exchange dates back to the
middle of the 19th century when S8pence, at the suggestion
of Thompson (17), passed & solution of ammonia through
a tube Pilled with ground turf in order to invegtigate
the retention of ammonia by cultivated soil. He obasrved
thet a chemical exchange took place and that the ammonia
in solution was replaced by calecium.

Way (18, 19, 20), shortly thereafter, verified the
findings of Spence and Thompson and showed that:

1. Other bages could displace calcium from soll.

2. Equivalent amounts of catllons were taken up

and liberated in the process.

3. The concentration of the anion in solution re-

mained unchanged during the reaction.

h. The extent of reaction incressed with concentra-

tion.

5. The temperature coefficient for the rate of ex-

change was small,

6. Fusion destroyed the ilon-exchange properties

of the soll.



7. Aluminum silicates pregent in the gzolls were
responsible for the exchange.

8. Synthetic bage-exchange materials could be
prepared from sodium gilicate and godium alumi-
nate.

Vay erroneously assumed that the base-exchenge
reaction waes irreversgible and 1t remained for Eichhorn
(21) to demonstrate that the exchange of Ca*t for 2 Na‘t
in chsbazite was actuaslly & reversible procesg. Some-
what later, Lemberg (22, 23) showed that it was possible
to completely transform the mineral leucite (K;0:Aly04
48105) into analeite (Nay0°Al,;0,°L4510,°2H;0) by leaching
leucite with scdlium chloride and that the traneformation
could be reversed.

By fusing together quartz, clay and soda, Gens (24,
25, 26) preparefl an aluminum sllicate bege~exchanger
which he called Permutit. This materisl was the first
artifieclal zeolite to be used on a commercisl scsle for
softening water,

Another mejor development in the fleld of ion-
exchange was the sulfonation of soal, lignite or peat to
form a group of exchangers known as sulfonated coals or
cerbonsceous zeolites (27, 28). These were the firat
examples of organic lon-exchaenge materlesls. It was the

discovery by Adams and Holmes (29), however, that resins
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prepared from polyhydrie phenols and formaldehyde
exhiblted e¢atlion-exchange properties sand that resing
prepared from sromstic amines, such ag phenylenedlamine,
and formaldehyde could ac¢t as anilon~exchangers, which
led to the development of the large variety of "tallor-
made" lon-exchange reeins which are known today. Most
of the new types of synthetiec lonwexchange products have
been degcribed in patents. Myers, Eastes and Myers (30)
have prepared an extensive review of the patent literaw-
ture up to the year 1941 and more recent references are
to bs found in a book by Kunin and Myers (31), a paper
by Kunin (32) and a review by Boyd (33). Since this
theais deals with only a single type of regin, it would
be bayond the gcope of this review to attempt to describe
and svaluate any synthetic lon-exchange resing other
than the type actuaslly used in the investigation,

One wallecharscterized type of base-exchange resin
commercially availsble today ie the sulfonated copolymer
of styrene and divinylbenzene synthesized by D'Alelio
(34). Specific directions for the prsparatiod of auch
a sulfonated ecopolymer, congisting of 90% styrene and
108 aivinylbenzene, have been given by Hale and Reilchen~
berg (35) and directions for prepsring sphericsl parti-
eles of polystyrene resgin sultable for sulfonatlion have

been pregented by Hohenstein and Mark (36).
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B. Pregent S9tatus of Theories

At the pregent time, the theory of lon exchange
is not in a very satisfactory state, since even the
simple exchange of two monovalent ione on Dowex 50
has not been sdequately explainei, The litératnre on
this subject iz rather extensive and attempts have been
made to explain the exchange phenomena on the besis of
many different and sometimes confusing sssumptions.
While many experimenters have confirmed or denied cer-
tain ideas, there remain others which have neither been
proved noy disproved completely. Since many of the
theories and eonclusions which have sppeared in the
literature do not apply to the work to be desgoribed
in this theais, no sttempt will be made to give an ex-
tengive oritical review at this point, However, in
order to aguaint the reader with the present status of
the subject, 2 number of the results and conclusions
of various investigators will be reported in this
section. Any of these results and conclusions which
may have a direct bearing on the experimental work
presented in this thecls will be discussed later slong
with regults of eald work.

Dowex 50, one of the typical sulfonated styrene-

divinylbenzene resing which are commerclally available,
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heg been represented by Baumen and Eichhorn (37) as
conglsting of a2 permeable hydrocarbon network with
attached aromatic nuelel. The aromatic nuclel are sule
fonated to the extent that there exist about 1.1 sule
Tonate groups per benzens ring. The authors have per.
formed chemioal analyses for carbon, hydrogen, sulfur,
sodium and watey and have made capacity measurements
which indioate that some of the sulfur may be in the
form of sulfone oross~linkg. They have presented titra-
tion data which show that Dowex 50 behaves 28 a typlcal
strong acld in itz chemical reactionsg and have suggested
that the hydrogen lon, or other cation present, may be
aonsiﬁereﬁ %o be ocompletely digsocisted within the resin
phasge,

Bauman and Eilchhorn also suggested that the Donnan
(38) theory should epply to a resin of this type. It
was pointed out that, while the resin cations were free
to migrate and exchange with cations from the outgide
and that both anions and oetions were sble to diffuce
into the resin phsse, the sulfonate groups attached to
the resin network were not free to migrate into the
external solution., In the course of thelr investige-
tions with hydrochlorie acld soclutions they found that
their data substantiated the Donnan theory in high con-
centration renges, but that the theory falled to explaln



the results for dilute solutions of hydrochleorie seid
in contact with the resin.

Bauman and Elechhorn stated that the lon~exchange
reactlion whieh ococurs when the hydrogen-form resgin is
immersed in a sodlum chloride sclution could be consid-
ered to be a heterogeneous reaction between the cutside
golution phase and the resin-gel phase. According to the

Donnan concept, equilibrium would be established when
aN&a @Gla - aﬁas acls (1)
%4 #Clp = %Hg G014 (2)
or
8Na, 8H
o 3
ag Hg

and for dilute aqueous solutions in which the ratio of
the notivity coeffielents for the monovalent catlions

approsches unity

¢ ¢ g
Nap H He
HE K&a NB;R
In the above equetions, the subscripts, 8 and R, refer
to the aqueous and regln phagses, respectively; s 1s the

activity coefficlent of the ion in the resin phase; € is
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the molar concentration of a component; and ig the

K
3
"molar equilibrium constant® for the reaction

Nag + Hg' = Hg' + Nag (5)

Bauman and Elchhorn reported a constant value of
1.20 for the "molar equilibrium constant® in the case
of ammonlumehydrogen exchange for solution concentrations
below 0.1 N, but atated that the value of Eﬁ diminished
as the oconcentration of the solution wes inereased
further., Values of §§ for the exchange of other monovae
lsnt ions with hydrogen ion were alsgo determined. The
magg-action law wag reported to spply to the calciume
hydrogen exchange at a total concentration of 0.1 K,

Several experiments were performsd which showed
that the rate of exchange between hydrogen and godlium
iong for Dowex 50 and low solution concentrations was
controlled by the masg~sction reaction rate between the
jong at the surface of the resin particle., The reaction

rate may be exprsssed by the following equation;
Reaction rate = kl a%&a aﬂﬁ.“ k, aﬁs aN&R (6)

From flow experiments 1% waes found that the rete constant,
5&, wes dependent upon hoth the flow rste of the =zolutlon

over the particles end the size of the resin particles.
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The diffusion rstes of hydroshloriec acid and sodium
chloride in the resin phases were reported to be about
one fifth sg great as in dilute aqueous solution and it
wag predioted that thle rate would become the controle
ling factor in the exchange rete at solution concentrations
above 0.1 molal.

Boyd, Adamson and Myers (39) employed radiocsctive-
tracer techniques in their studlies on the kinetles of
exchange adsorption of lons. Although they used a phenole
formeldehyde type of resin, Amberlite IR-.1l, with methylene
gulfonie, carboexyllie and phenolle exchangs groups lnstead
of s sulfonated gtyrene~dlvinylbenzene copolymer, they
obtained resultes which agreed essentlslly with those of
Bauman and Eichhorn (37). From their experimental re-
sults and certain theoretical congilderations, Boyd,
Adamson and Myers concluded that for solutions 0.1 M
or greater in total electrolyte the rate of exchange
was governed by diffusion of the lons in and through
the resin phase. For solutions 0.003 M or les= the rate
of exchange was limited by diffusion through a liquid
£ilm at the gurface of the resin particle., It was
polnted out that a maseelaw mechanism was not the cone
trolling factor in the exchange rate, since the rate
was Tound to be dependent upon particle size and upon

the flow rste of the solutlion past the resin particles.
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Boyd, Sehubert and Adsmson (13) have considered
ion-exchange first ss s heterogeneous process behaving
aceording to Langmuirls adeorption equation and second
ag & heterogeneous resction obeylng the law of magew
sction. In applying the mass~action principle to ion-
exchange squilibria, the suthors stated that the appare
ent fallure of the mass~law to explain the experimental
data of some investigators may heve heen due to one or
all of the following reasgonsg!

1. The chemical equations used to repregent the
exchange may have been stoichiometrically
incorreet, due to hydrolysls of ocertaln ions
or to incomplete dissoclation of othera.

2. Errors mey have been intreduced asg the result
of the frequent assumption that the exchenge
material contained only one type of active
group which was capsble of exchanglng ions,
whereas, the exchanger in reslity may have
been polybasie,

3. 'The activity coefficlents of the lons in the
gsolutlion and in the solid phage may have been
neglected,

They found that their data for the exchange of

alkall metal and hydrogen long subtantlated the masg~

law equation, which they postulated on the assumptions
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that the activitiea of the lons in the resin phase
could be get equal to thelr mole fractions and that, if
the lonie strength were kept low, the ratic of the active
ity coefficlents of the ions in the aqueous phase sould
be teken ag unlty. Faly agreement with the mass law was
also obtalned for the exchange of barium and sodium
lons, but the authors noted s slight hysteresis in the
aquilibrium as they approached it from opposite direc-
tiong. They reported a somewhat greater hyesteresils in
the case of the lanthanum~godium exchange.

Boyd, Sehubert and Adamgon sleo postulated the
distance of closest epproach, 3°, given by the Debye~
ﬂ&ekai theory

log ¥+ = -Alp /(1+B2®\n ) (?)

should be chogsen as the index of lonie hydration in
applying the correlation, firat observed by Jenny (40),
between the order of adeorpticn affinity of the ions

and their hydrested ionle radii., Qualitatively, at least
for lons of equsl charge, the affinity of an lon for the
regin hss been shown to inoresse ag the hydrszted ionle
radius decreasses. It hee aleo besn estebllished that,

in genersl, affinity ineresseg with the charge of the
ton (41, b2, 43, bA), although some overlapping is ob-
gerved, Boyd, Schubert and Adamson predicted the
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following order of decreasing sdsorbabllity for trie
positive lons on the basis of thelr activity coefficlents:
La, Ce, Pr, N4, 8m, Eu, ¥, Sc¢ and Al., For the divalent
alkaline earths the order predleted was Ba, 3r, Ca and
Mg. For the divalent transition metalsg Boyd and his
soworkers predicted the order of deereasing affinity,
based on the g° determined from activity coefficlent
date, to be: 2Zn, Cu, Ni, Co and Fe. As willl be poiné&d
out later in the review of 2 subsequent article, this
latter series is incorrect, since such factors as the
extent of disgsoclation of the salt must also be tesken
into conslderation.

Kressman and Kitchener (45) studled the exchange
equilibria of monovalent catlons with a sulfonated
phenol-formasldehyde resin. It was demonstrated thet the
exchange procegs wag completely reversible for mono-
valent ions by epproaching equilibrium from both direcw
tions. When a given oconcentretion ratlio of monovalent
iong wasg present in solution, the ratio of the oconcene
trationg of the lons in resin phase was independent of
the totsl salt concentration in the range from 0,01 to
0.2 Ho For the emmonium-potasgium exchange it was
found that the equillbrium obtalined was independent of
the anion used, but that the ammonium-thallium equie

1ibrium wag different for nitrates then for sulfates.
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In the case of thelllum, it waes pointed out that the
gsulfate is not as highly digsoclated as the nitrate.

Approximately linear functions were obtained when
the mole ratio of the ions in the resin phase wasg
plotted againgt the mole ratlio of the ions in the
aqueous phase for the exchenge of smmonium ion with the
other monovalent lons. The equilibrium constants of
the monovaelent lons agalnst ammonium ion were correlsted
with the Debye~ﬁauke1 distance of closest approach, g°,
and were found to increase as g° decreased, which was
in sgreement with the findings of Boyd, Schubert and
Adamson {13). The order of increassing affinity of the
iong for the resin, determined by these megsurements
wag! Li, H, Ne, X, NH,, Bb, Cs, Ag and T1.

Kregsman and Kitchener also studied the sxchange
equilibria of multivelent lons with the sulfonated
phenol-formaldehyde reein., The order of increasing
affinity for the divslent lons in 0.1 N chloride solu-
tion was reported to be: Hg, C4, Mn, Mg, Zn, Cu, Ni,
Co, Ca, 9r and Ba. The order of increasing affinity
for a few gulfates in 0.1 N solutions wag: Be, Mg and
Mn, The affinity for uranyl nitrate was approximately
equal to that for manganous chloride, while lead nitrate
fell between strontium and barium chlorides in order of

affinity in 0.1 N solutions. The sbove order for the
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transition elements Zn, Cu, N1 and Co is opposite from
that predicted by Boyd, Schubert end Adamson (13). The
authors pointed out that the divelent salts of €4, Co,
Ni, Zn, Mn, Cu end Pb exhibit ion assocletion to such

an extent that this becomes the major factor determining
the apperent affinlty of these ions for the resin. The
increagse of affinity with inereased charge of the ion
wag noted and dlscussed. Although Th was held tightly
by the resin, 2r wes not, due to the formation of Zro*t
in squeous solutlon.

The authors announced that the affinity of certaln
large orgenie cations for the resin increased with
increasing size of the lon in contrast to the order obe-
gerved with the simple inorganiec cetions and suggested
thet van der Waalg forees might be reaponsible for this
effect. For very large organie cations the rate of
attaining equilibrium was extremely slow,

Dunean and Lister (46) have attempted to ascess
the extent to which the meges-action law may be applied
to the cagse of lone-exchange, using sodlum and hydrogen
lons with Dowex 50 and Amberlite IR.100H resins, Three
methods for obtalning the equilibrium constant were

used, nemely:

A given welght

of exchanger was allowed to come to equilibrium
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with sclutions containing different proportions
of sodium chloride and hydrochloric scid. The

amount of sodium ion tsken up from the soluticn

was determined.

2 The volume of

solution, containing different proportions of
godium chloride and hydroehlorie acid, required
to saturste a given bed of exchanger was meag-
ured. Pure sodium chloride solution alone was
uged to obtazin the total capeseity of the bed
and the mole fraction of sodlum on the bed at
equilibrium for the other solutions was obtalned
very simply in thies manner,

3.

DeVault (47) and Glueckauf (48, L9, 50) have

shown that the adsorptlion lsotherm of a solute
on an adsorbent may be derived by ealculation
from the rear boundary of the curve obtalned
upon elution of an adsorbed band. The method
of caloulation uged in thig paper was given by
Gluecksuf (51); a complete discuseion is beyond
the scope of this thesis.

In their experiments, ooncerned with ssturating

beds of acld-form Dowex 50 with sodium ion in conjunetion
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with hydrochloric acid a2t a very slow flow rate, Duncan
and Lister (46) observed that immedliatley after break-
through of the sodium ion the concentration of sodium

in the eluate rose sharply to its concentration in the
golution used to saturate the bed. When sodium chloride
golutions were introduced at the top of a bed originally
in the hydrogen cycle, 1t was found that the pH of the
eluate, after the sodium ion bresk-through, rose rather
slowly to the pH of the solution being introduced, indi-
cating that the laat stsges of the exchange ocourred
much more slowly than did the bulk of the reaction.

When the adsorbed sodlum wags eluted with hydrochlorie
scld solution of the same normallity as the total of the
salt plue the acid in the saturating solution, it wss
found that the eluste contained the seme ratio of sodium
to hydrogen lon as was present in the solution used to
load the hed originelly. The resr boundaries, obtained
upon elutlon, were in generasl more diffuse than the front
boundaries obtained in the saturating step., This is not

surprising since the equilibrium constant for the reaction
Nag++ KR+ = ﬁ3+ + R&R*' (8)

is greater than unity. It can resdily be geen from the

equilibrium constent
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Ky = XK1/%p 2 O, CNay, / ONag GHB (9)

thet, since fm ig grester than 1.0, the forward rste of
resction (B8) 1s more rapid than the rste in the opposite
direction and hence the forward resction should reach

completion in a shorter distance of travel down the bed,

It wag stated that the gharp front boundary, formed
st alow flow rates, became more and more diffuse at flow
rates above 16x10°° centimeters per second (0,96 cm./min.)
and that lerger volumeg of eluant were required to com=-
pletely remove the sodium from the bed at the more rapild
rates.

It was obgerved in these experiments that the equi-
1ibrium eonatant for the sedium-hydrogen exchange was
gomewhat dependent upon the mole fraction of sodium in
the resin phase. Data from batch, break~through and
chrometographic determinations were in good agreement,
The value of the equilibrium conetant was observed to
decrease ag the temperature wes increased.

Tepp and Pepper (52) prepared a number of ion-
exchange materials and studled their titration curves.
Sueh curves provide 1n#ermatian as to the number and
type of functional groups present.

Using a sulfonated coal loneexchanger, Nachod and

Wood (53) showed that monovalent ions exchanged more



19

raepldly then divelent lons., They showed that the capacity
of the exchanger, Zeo~Karb, ineressed as the hydrated
lonle radius increaged, for both monovalent and divslent
cations, and that the capacity was higher for divalent
eations than for monovalent cations. This 1s a phenomenon
which iz not generally obgerved with the sulfonated
synthetic exchangers, The sulfonated cosl spparently cone
tained functional groups, such as carboxylie and phenoliec,
which were more weskly lonized than the sulfoniec acid
group.

Argersinger, Davidson and Bonner (54) developed
expressions from the law of mass actlion a2nd the Gibbs-
Duhem (55) equation which they used to determine apparent
activity coefficients for lons in the regin phsse,

For the resectlion
vA%“ + uﬁgf = uﬁgv-+ vaﬁé (10)

the thermodynamic equilibrium oconstsnt is

¥V oV LaN/U
LMt C3 X3

= ol Ka (11)
Np £5 C1YX

ot b

in which N 1s the mole frsetion of an lon and f 1te
activity coefficlent in the resin phase; ¢ is the molar
concentration of an ion anﬂ]ﬁ its actlivity coefflcient

in the agqueous phesge; and ia the apparent equilibrium

%a
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eengtant which gives no credence to the activity coeffi-
cients of the ions in the resin phase, but has been
corrected for the activity coefficients in the aqueous
phagse. A and B refer to the lons undergoing exchange.
The logarithm of the last term in equation (11) is

inK 2 1nK, + v(1nf,) - u(lnfg) (12)

and upon differentisting the following equaetion is
obtained

~ 4(1nK,) = v d{1nf,) - u a(lnfy) (13)

Argerainger, Davidson and Bonner sssumed that the
aystem involved only the two lons A and B and applied
the Gibbas-Duhem equation

N, a(inf,) + Ny d(lnfy) = © (14)

Solving equations (13) and (14) simultaneously

»vH
v a(lnf,) = — 4(1nK,) (15)
uﬂa+vﬁB
and
uHA
u a(lnfy) g =——m-=ue A(1nK,) (16)
“ﬁAfVRB

Introducing a new general varlable, x, defined as

ul
uNA+vNB
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then
v a(1nfy) = ~(lex) 4(1nkK,)
and
u d{1nfp) = x a(1nk,)
Integrating by parts
-¥ 1lnf {(lex)(1nK )} « Sl(l K ) éx
A% a x na_
u lnfp = x {1nKa) - Sg(lnxa) dx
Substituting (20) and (21) into (12) leads to
1nK = Sl(mx ) ax
0 a
For asodlum-hydrogen exchange

1l
- Infy, = (lwﬂﬂa)(lnﬁa) - Suﬁailni{a) ANy

Infy & Nyg (10K, = JoM8(1aK ) an
Nlig & Bye VEBRg) * Jo kg Na.
and
1nK S}"(an ) an
® o a’' “Na

These equations may be readily evaluated using the

methods of graphiecal integration from a plot of 1nk

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

MA

versua i‘lﬂ
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A number of sulphonated resins containing styrene
copolymerized with varing amounts of divinylbenzene were
prepared and examlned by Relchenberg, Pepper and MoCauley
(56) in the light of the theory by Gregor (57) that

RT 1nKp = T(V, - Vp) (26)

in which Kp is the selectivity ratie; T is the osmotic
pressure within the resin phase; and ‘i& and 25_ are the
partial molal volumea of the exchanging ione A and B.
The divinylbenzene content of the styrene-divinyl-
benzene copolymer was varied from 2 to 33% and it was
reported that the amounte of water adsorbed per gram
of dry hydrogen-form resin varied from 3.3% grams for
the 2% copolymer to 0,55 grams for the 33% copolymer.
From Gregor's theory it was deduced that, if z& was
greater than f&" then Kp was greater than one. Their
data showed this to be true (except for resins of high
cross-linking et high values of Eﬂg) in accord with the
view that the hydrogen lon in aqueocus solution 1lg larger
than the sodium ion, due to 1ts higher degree of hydra-
tion. Furthermore, they deduced that, if z& was greater
than fﬁ&, then, as the mole fraction of B in the resin
increased, the resin should contract and 1| deorease.

1r E& and ?& remained roughly constant and were inde-
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pendent of the mole fraction of B in the resin phase,
then 1t followed that EE should decrease as the mole
fraction of B inereased. The decrease ef.ER for the
sodium-hydrogen exchange with increased mols fraction
of godium in the reszin phase wag cbserved with the 17
and 33% resins. It was finally predicted that, at a
given lonie composition, T should depend upon the
elastic properties of the resin; hence, the greater the
degree of crosas-linking, the greater the elastie modulus
and the smaller the volume of the swollen resin at equi-
1ibrium, The smaller the volume the greater would be
the value of T due to the inoreased concentration of
osmotically active groupe. Therefore, if (f&‘ - ?..;B.)
remained approximately constant for resing of different
eross-~linking, then the numerical value °t.£2§2 should
inerease with the emount of divinylbenzene in the copol-
ymer; conversely, a resin having low oross-linking
should have a value of Eyinaarly equal to unity for

all values of the mole fraction of sodium in the reasin
phage. Thia prediction was borne out by the results
for the 2% divinylbenzene resin. Since the theory did
not prediet the drop 1n‘§E below unity for high sodium
content which was observed, Relchenberg, Pepper and
MeOauley proposed that there could possibly have been

some oxidetion during the drastic sulphonation required
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by the highly cross-linked regins giving rise to

carboxyl groups as well as sulfonic scid groups on the
resin., It was observed that the 33% resin had a some-
what higher exchange capacity when titrated with baese than
that obtained in more aclidiec sclutiona. The theory also
feiled to account for the portion of the curves, obtained
with § gnﬂ 10% divinylbenzene resins, in whieh EE ine-
creagsed with inoressing mole fraction of sodium.

Gregor (57, 58) extended the theories of Donnan and
Guggenheim (59) and Donnan (60) to ion-exchange systems.
In particular he congldered the pressure-volume free
energy changes which occur when long in the resin phase
are replsced by othera. He consldered the internal
volume of the resin, 3$' teo be the difference between the
total external volume of the resin, X&' and the incom-

pressible portien of the hydrocarbon matrix, He

Eﬁf
postulsted that the inner phage asscclated with X; was
in direct contact with the external solutlon which was
of infinite volume and at stmogpheric pressure,

When the resin was swollen by the internal solutlon,

e Hooke's law relationship wes assumed to apply, namely,
Vy = nlT+b (27)

in whioh'ﬂris the osmotic prescure within the resin

phage and m and b are arbitrary constants which depend
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upon the gystem under consideration,

The following sasgsumptions were made by Gregor in

the further development of his thsory.

1. The hydrated volumes of all ionie and molecular
congtituents were constant throughout the
prosess.

2. The fixed groups and the movable ions did noi
interact chemically, but were completely
dlssoclated at all timea.

3. The volume of the fixed anionie group was
constant.

4, For thies ideal system all activity coeffioients
were unity.

In the notation used hy éregcr.‘gkhmales of cations

of molar volume, e an&.ﬁg moles of water of molar
vwlnmn,lzg, made up the volunme, XA' and the osmotie

pressure could be saloulated according to the equation

0 " (Xp)y (28)

in whiahlfg ig the mole fractlon of the water and the
subseripts, 1 and g, refer to the resin and external
phases, respectively. It was pointed out that as larger
ions assume the exchange positions the volume of the

syetem should increase slightly, but at the spame time the
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gsolvent volume fﬂxﬂ gshould deorease, resulting in a gharp
ineresse in the camotlie pressure. For dllute solutions,
the diffusible anions would be almost completely excluded
from the resin phase by the Donnan effects, When ions
enter or leave the system, a certain amount of solvent
also enters or leaves simultaneocusly and the reaction
taking place 1isa

AY + 8, + By + g8, == Ay + f3, + By + g8, (29)

in which 4 and B ere the exchanging cations; £ and g
refer to the numbers of moleg of solvent 8 asceompanying
the iong; exclusive of the golvent of golvation,

The equilibrium constant for thisg somewhat more
complicated process is

() E L)
o

Kz i xl (xﬂ)u

using X to represent meole fractions and the subscripts
0, 1 and 2 to refer to the solvent, cation J and catlon
B, respectively. Oregor stated that the Donnan equation

for the reaction

(31)
(Xg)y\ (f-g)
RT 1n [(%L (3%)0 (?};’%i‘\) g} g']’r[_vz-.v];( ra-g)vo]

would spply to this 1deal system of monovalent lons

end derived the following simple expression
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e 2a][2). (2

Bip)q Ay ] z M{v,~v;) = RT (1nKp) {32)

o
On the basls of these equationa, Gregor made the following
predietions.

1. The volume of an ion-exchange resin should vary
directly with the volume of hydrated lons in
the exohange posltlons.

2. The geleotivity ratio, ng should incresse as
(vng;) inoreages at a constant lon concentra-
tion ratio in the external solution,

3. EE should increase as the value of (nj/np)o
deoreases.

b, Kp should increase as 1| inereases for systems
which constitute "gtiffer gprings® and will
decrease as || decreages, as may result from the
counter«ogmotic pressure developed by a high
concentratlion of ilong in the externsl phase.

These predictlions were checked experimentally and

the data obtained agreed, at least qualitively, with the
theory.

The counter-psmotic effect of the external elee~

trolyte was also congldered by Gregor. For the process
A+ BT+ q8. = Al + B + a8 (33)
° o o~ 1 1 i

1t followed that



(X3%X,)4
RT 1n -1 z =W+ (34)

in whiech the subseripte, 1 and 2, refer to the cation
and anion, respectively. Since X; = ny/(ny+ny) and X =
ny/(nytn,), substituting n = n, = (ny~F) and (ny+ns) =
(2n,+F), where F 1s the number of moles of fixed anionic
groups and 5 is the number of moles of the mobile anion

ingide the regsin, then

RT 1n - ~1T(vl+ ‘vz) (35)

(3n+F)2  {XX)g
Experimentally, Gregor has shown that the deswelling
effect of the counter-psmotlec pressure wag not signife
iaant unless the external concentration of electrolyte
wag en sppreclable frection of the eoncentration of
fixed snionle groupe in the resin phsse. For external
concentrations below 0,1 N the amount of non-exchange
electrolyte in the resin phese was negligible and no
appreciable deswelling of the resin wag obgerved,

Gregor also consldered the non-ideal case for
uni-univalent exchange and suggested methods for eval-
uating the psrameters, m, b and . For further infor-
mation concerning thls subject the reader 1g refered to
the original work,

Gregor, Held and Bellin (61) have examined various
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methods of determining the specific volume and density of
wet resin perticlesg, Thelr chief problem was the removal
of surface water withcut losing sny sbsorbed water from
the zemple. The beat technique found was to use the
solutlon with which the resin wes equilibrated as the
pyenometric fluld, then to centrifuge the sample rapildly
to remove the surface water, or to plot the wet weight |
versus the relative humidity and extrspolate to a relative
humidity of 100%. Drying by suction or dlotting gave

low results.

Gregor, Gutoff and Bregman (62) determined the
volumes snd welghts of both wet =2nd dry ssmples of Dowex
50 in verious ststes. Thelir valueg given for the exter-
nal volume, x&, the wet welght, Eﬁ. and the dry or
matrix volums, fﬁ' for a given ionic form are those
volumes snd welghta obtailned from 1,000-g. samples of
dry, hydrogen~form Dowex 50 which have been converted
to the desired ferms and equilibrasted with 0,001 m
solutions of the lons. The reginstes of the alksell,
alkeline earth, hydrogen, emmonium, gilver, thellous,
magnesium, tetrsmethylemmonium, tetrsethylammonium and
phenyltrimethylammonium ions with Dowex 50 have been
atudied, ss well ag the resinates of potasgsium, ammonium,
1ithium, tetramethylammenium, snd tetraethylsmmonium ione

with other sulfonated styrene~dlvinylbenzene resins. The
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deawelling of thegse resing ln emmonium chloride golutions
was slso studled.

It was shown thai Eﬁ’ for a gilven resin, incressed
with the hydrsted ionle volume of the exchange cstion,
except where lon-pelr formation tock plsce. It wes also
gshown that Eﬁ inceresged sherply ss the degree of crosg-
linking of the resin decresged. The deswelling of resins
in conecentrated solutions wee described and the mesn lonile
activity ecoefficient of the mobile electrolyte within
the regin phase was calculated,

Gregor and his sssoclietes (63) also studied the
exchange capsacity of varlous styrene-dlvinylbenzene
copolymers which they synthesized., The exchange capac-
ities were found to be identicsl for all monovelent
estions studied, but the caprcity of & resin for the
divelent ilons investigated was somewhat greater then
its capacity for monovalent icns, especlally in the
cage of Mg, It was postulated that e complex ion
guch as MgOH' or MgCl' was formed. A study of the rate
of uptoke of ions showed that large lons reacted much
@ara glowly with the exchanger than small lons end that
thieg effect was more pronounced the more highly cross-
linked the polymer,

Lowen and co~workers (64) studied the exchange

which tekes plsce when hydrogen-form Dowex 50 1s 1lmmersged
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in e solution of the salt of another lon and vice vergs.
They also investigsted the effect of lonic strength on
the equilibrium constant for the ammonlum-~hydrogen ex-
change., I% was shown that the apparent equilibrium
conatants, Eﬁﬂ vary with the mole fractions of the lons
An the resin phasge for sodium<hydrogen, ammonium-hydrogen,
silver-hydrogen, thallous~hydrogen, thsllous-ammonium,
nickel-hydrogen, calelium«hydrogen snd nickel-cslcium ex-
change ayetems. It was also demonstrated that the equi-
1librium constant, §&, varied with loniec strength in the
cage of the ammonium-hydrogen exchange and that for low
concentrations of external electrolyte the value of E&
decreased and approsched unity when the mole frasction
of smmonium ion in the resin phase wes increasged,

Bonner, Argersinger and Davidson (65, 66) have
investigated the factore involved in catlone-exchange
equilibris and calculeted the sctivity coefficients of
the iong in the resin phase by the method of graphical
integration, developed earlier. It was pointed ocut that
errors 1n simple computation of equilibrium compositicns
may arise from the following three factors which are
sometimeg neglected:

1. The abgorptlion or desorption of water by the

reasin phase.

?. The uptake of electrolyte by a process other than
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ion-exchange.

3. The change in volume of the solution sccompany=
ing the exchange of electrolytes of different
epparent molar volume,

The asuthorsg coneluded that only the firat of these
faoctors waeg of any megnitude in the case of dilute solu-
tiong, but that the measurement of hoth zolution and
resin phage concentrations wes necessary in order to
prevent errors in the cslculation of E&'

It was ghown that ths velue eflfg for the ammonium~
hydrogen exchange between solutions of hydrochloric ascid
and smmonium chloride and Dowex 50 resin approached the
velue of one ag the mole frection of ammonium ion in
the resin phage approached unity. This factor 1g of
great importance in the following investligetions con-
cerned with the elution of neodymium from columns of
hydrogen~form resin, using dilute solutions of citrie
acid and ammonium e¢itrste, In this case, the mole
frecotion of ammonium ion in the resin phege is elways
large compsred tc the mole fraection of hydrogen lon,
hence, the molar equilibrium constant for the exchange
of ammonium and hydrogen lons may be set equal to one.

An exhaustive, oritical review of many of the
preceding theories hes been presented by Marinsky as

part of hieg doctoral theasls. 8Since the review of theories
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and the experimental portion of hias thesls has appeared
in = technlecal report, the reader 1s referred to this
source for further informstlon regsrding these theorieg
of ion-exchange (67). Marinsky has indicated that his
experimental results, concernsed with the lon-~-exchange
equilibrias between hydrogen ion and sedium, caleiunm,
barium snd cerium ions, are contrary to the Donnen
membrane theory snd the assumption by Basuman and Elchhorn
(37) and othera (57, 58) that there 1g complete 1onization
within the resin phsase, He stated that hls date was in
better agreement with the concept of Juda and Cerron (68),
that any cation 1n regin phase may be in part stericelly
fixed by chemicel binding end in part free to migrete.
There heve appesred in the literature other theoret-
ieal papers, some simple in their basic assumptions (47,
69, 70) snd others involving more complex mechanisms
(48, 71, 72). Howsver, aince these papers are not needed
in interpreting the experimentsl results of thils thesis,
it was felt thst the deseription of these gensersl theories
would unduly lengthen thig review and the resder is re-
| ferred to the original articles for further detalls. The
game statement spplies to a number of experimental papers
which ere concerned with lon-exchange phenomena, but
which have little or no beering upon the lon-exchange

eguilibris of rere esrths with ammonlum citrate solutions.
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IITI. RESEARCH

A, Materisls and Apparatus

1. Meterisls

The source of the neodymium wag orude neodymium
carbonste, code #630, meanufactured by the Lindssy Light
and Chemliecal Compsny, West Chicago, Illinols. After
ignition the composition of the oxide mixture wss: 76%
Ndp04, 11% 8my03, 9% Prg0yy and 4% other rare esrth
oxldeg, The carbonate was dlessolved in hydrochlorie
scld end purified by the lon-exchange procedure developed
in these lsborstories (6).

Aliguots of the acid solutions, each contsining the
equivalent of 325 grams of R?GB' were diluted to 45
1iters snd passed aslowly down =30+40 megh-size, Nalcite
HCR, resin beds which were 6 inches in dismeter and 30
inches long end initiaslly in the hydrogen cycle. The
acid, liberated durlng the sdsorption step, was then
waghed out of the resin beds with dlstilled water and
the adsorbed rare earth banda were eluted down the
columng with 0.1% eltric acid solution, adjusted to a
pH of 6.1 with smmonium hydroxide. A linear flow rate
of 0.5 om./min. was used throughout the elution and the
eluate was collected in LS-1liter frections ssg it drained

from the resin beds, The rare earths were recovered by



35

adding 200 grame of oxellc scid crystals to each 45«
liter fraction of the eluate which waas collected sfter
bresk~-through of the rare sarths occurred. The oxalate
precipltate was filtered off snd ignited to the oxlde at
800°C., The individual fractions of neodymium oxide were
anslyzed gpectrographically for trsce impurities by the
spectrographic group, directed by Dr. V. A, Fassel, and
those samples consiating of greater than 99.9% Kdp04
were combined snd used in subsequent experiments.

The citric scid used for purifying the necdymium
and in the experiments to be described was U.3.P,
purity, anhydrous citric acld msnufsctured by the
Mallinckrodt Chemical Works, St. Louls, Migsouri, it
contained a minimum of 99.5% anhydrous citriec acid,

The resin used in the emall ion-exchange columns,
degcribed under spparatus, was the sulfonated, etyrene-
divinylbenzene copolymer masnufactured by the Natlional
Aluminate Corporstion, Chiecsgo, Illinols, and seld
under the trade name of Nelcite HCR., A standard sample
of regin wag prepared in the followling manner, Six
kilograms of -40+50 megh-size particles were gcreened
from s large emount of commercisl grade Neleite HCR
cation-sxchange resin which hed been previcusly air-
dried st room temperasture for a week. The -40+50

megh-glze spheres of resin, rsnging in dlemeter from
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0.2 to 0.30 mm., were poured into a Pyrex glass column
Tilled with distilled wster. The regin bed wes cerefully
back-washed with distilled water in order to remove air
bubbles end any fine psarticles which were not removed by
the gcreening procese. The resin was then converted
succegglvely to the ammonium and the hydrogen cycles,
using 5% citric acid, adjusted to a pH of 6 with ammonium
hydroxide, and 5% by volume hydrochloriec seid solutilone,
regpectively., The resin bed wes carefully rinsed with
distilled water to remove any unadsorbed acid; then the
regin was removed from the column and spread out in a
thin layer to dry. After drying for 10 days, the resin
wag agaln screened and the particles which passed
through a U.8. Standard No. 40 gcreen and were retained
on a U.3. 8tendard No. 50 screen were gtored in a closed
reagent bottle to protect them from laboratory fumes
and changes in humidity until they were used.
?. Apparatus

The lon-exchange columns, uged in the following
experimentg, were constructed of Pyrex glass tubing and
were 41 feet long with & bore of spproximately 22 mm,
Each column was c¢losed near the bottom with a fritted
glass disc to support the resin bed and drawn down at
the bottom to a nipple 9 mm. in diameter. The nipple
wag fitted with a2 plece of Tygon tubing, a caplllary
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tip and a acrew clamp to control the flow of solution
through the column, The columns were then eslibrated by
adding water from a burette in order to correct for
differences in diameter. The exchanger bed of esch col-
umn consisted of a 200-gram gample of the stendard, sire-
dried, scid-form, Nelcite HCR described previously. The
columng were partly filled with distilled water before
the gir-~dried resin wes poured in the top, since the
pregsure exerted when dry resin abgsorbs water 1s suffie
eient to crack the walle of a column. The beds were
then back-washed snd rinsed with s 5% solution of hydro-
chlorie acid followed by digtilled water, The resulting
reain bede were spproximately 100 em. long.

All pH messurements were made with s Beckman, Model
G, Leborstory pH Meter. The ingtrument was adjusted to
a pH of 7.00 with etendard buffer solution supplied by
the Natlonel Technical Lsboratories, South Passdena,
California. The pH of 7.00 getting waas then checked
agalinet a standard buffer solution et pH values of 7.00
and 4,00 prepered from certified buffer tablets com-

pounded by Coleman Ingtruments, Ine¢., Meywood, Illinols.
B. Procedures and Reaults

1. Prenarstion of

The large stainless steel tank, callibrated to a
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volume of 2500 liters and eguipped with a motor-driven,
stainleszs asteel stirrer, was filled to the 2500-liter
mark with dietilled water and 2500 grame of anhydrous,
U.8.P. grade, ciltric acld were added., After thorough
stirring, a 2-liter portion of the citric scid solution
wag wlthdrawn to check the citriec geid content and
sufficlient concentreted emmonlium hydroxide was added to
the tank to give the lowest pB velue desired for a
partioculsr experiment. Enough of this citrate solution
to provide 211 the eluant needed for the complete
elution of 2 column wag pumped into covered, H5-1liter
Pyrex carboys for storage, then the pH of the solution
in the tenk was increased to the next higher pH value
by the addition of ancther gmall portion of concentrated
ammonium hydroxide. This procedure wag repested until
eluant was provided for all of the ¢olumns to be operated.
For pH values from 5.5 to 7.5, the amount of ammonium
hydroxide required to adjust 2500 liters of 0.1% citric
acid solution ranged from about 2.0 to 2,5 liters. The
gddition of thie quantity of liguid to the tank ceused
a dilution of less than 0.1% 2nd was consildered to be
negligible, |

The concentration of ammonium ion in each batch of
eluant was determined by adding excess sodium hydroxide

to an a2liquot of the solutieon, distilling the liberated
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ammonia intc s receiver of 4% boric scid solution end
titreting the ammonium borate with stendard hydrochlorie
acld solution, using methyl purple as an indicator.

The amounts of ammonla found at various pH velues for

0.1% citrate sclutions are given in Table 1.

Table 1

The Concentration of Ammonium Ion in Ammonium
Citrate Solutions

Total citrate pH Nﬁg"coneentratlcn
(meq. per liter) (meq. per liter)
15.60% .02 7.30%,02 15.59+,03
15.60 6.90 13.28
15.60 6.60 1k, 45
15,60 6,30 13,57
15.60 6.00 12.56
15,60 5.70 11.5

15.52 6.76 14,67
15,52 6.52 14,22
15.52 6.18 13.07
15.52 5.87 11.99
15,52 5.40 10,42
15.56 7.40 15.58
15,56 7.10 15.37
15.56 6.50 14,15
15.56 5.90 12.06
15.56 5.60 11.17

2. Determinstion of regin caspscity
A 5.00-gram semple of the astsndard air-dried, Nelcite

HCR resin was losded into each of two short columns,

treated with dllute acld to ensure their being completely
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in the hydrogen ecycle end then rinsed with distilled
water until the washings were neutral. A total of 500
ml, of 1 N NaCl solution was pessed through each bed

over g period of 48 hours. At this time the pH of the
effluent was equal to the pH of the influent sclution

for both columns., The liberated acid was titrsted with
stendard bese using phenolphthelein sg an indicator.

The capacities observed were 4,25 and 4.27 meq./gram of
air-dried resin giving an average value of 4.26 meq,/gram.
Leter, a 8.392-gram gsample of the standard sir-dried resin
was placed in & small column, treated with scid asnd
waghed. A totel of 1 liter of 0.05 N NdGlB solution,
having a pH of 4,87, was passed through the resin over

e period of 24 hours at which time the pH of the effluent
solution wae 4,87, Aliquota of the effluent solution
were titrated with atandard sodium hydroxide bsck to a

pH of 4.87. After rinsing out any unadsorbed neodymium
chloride with dlstilled water, the adsorbed neodymium

was eluted from the resin with 6 liters of 0.1% citrate
solution at a pH of 7.4, recovered as the oxalate and
ignited to the oxide for weilghing. The acild liberated

by the neodymium chloride solution amounted to 4,26 meq./
grem and amount of neodymium recovered upon elution a-
mounted to 4.26 meqg./gram of air-dried resin., The agree-

ment between the squivslents of ac¢ild libersted by either
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sodium or neodymium ion end the aznount of neodymium
adgorbed constituted sn excellent check on the equiv-
alence ol exchange gnd showsd thet no neocdymium was

edsorbed ss a complex lon under these conditions.

Samples of Hdzﬁﬂ ranging from 1.00 to 10.00 grems
were dissolved An a slight excess of hydrochlorilec acid
(1.5 ml. of concentrated hydrochloric acid were used
per grem of oxide). The chloride solutions were diluted
to 4 liters esch with distilled weter snd adsorbed on
prepered resin bede using e flow rate of about 2 cm./min.
The lest bits of these solutlons were rinsed through the
columns with distilled weter in order to remove the acid

formed in the adsorption step.

Thers le¢ sufficlent difference in color between

hydrogen-form and neodymlum-form Nalecite HCR to sllow

the length of the initieslly adsorbed band tec be measured.
When elution of th® band is in progress, however, the

rear edge of the band 1g not visible under whlte light.
During the course of experimenta to determine the

optimum condition for the seperation of rare esrth mixtures
by ion-exchenge, it became desirable to be able to deter-

mine the pogitions of the bands visually. Since certasin
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of the rare ssrth lons are colored in solution, it was
thought that 1t should be possible to observe the concen-
trated bande on the reein bed if the columne were 1llu-
minsted properly. It was subsequently found thet, 1f the
columng were illuminsted with blue light in a darkened
room, %the necdymium bande could resdily be seen as dark
bands which contrested gharply with the rest of the

reain bed. The neodymium bandsg were sufficlently distinct
under thege conditions to be photographed, if desired,
end many of the fine detsils of channeling in the resin
bed could be observed visually. For this resson neodym-
ium weg used in sll experiments which were performed to
atudy the movement of rare earth bands on resin beds.

It wos found that neodymium bands on the resin bed could
be photographed readily using flltered blue light with
Eagtman Kodask, Constrast Procegs Ortho Film, Flgures

1 and 2 i1lluetrate theee tschnigques.

5. The elution of neodymium down s bed of Nalcite HCR

In previous publicatiéns (6, 8) 1t wes reported
that an insoluble rare earth complex, identified by
Tevebaugh (73) as RCit*2H,0, formed at pH values above
gix with initial lecads in excess of about 1.2 grame of
Nd-05 per square centimeter oroge-gection of resin bed.

The following preliminary experiment was performed in
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Fig. 1. Fully Developed Narrow Neodymium Bands on Ion-Exchange Columns

Photographed Under Blue Light
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g. 2. A Fully Developed Narrow Neodymium Band
Showing Extreme Channeling
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order to determine how the formation of this precipitate
might be prevented and to study the movement of the
neodymium bands on the regin bed,

Four Nalecite HCH resin beds, 22 mm. in diasmeter end
about 100 em. long, were prepsred sg previously described.
One of the columns was loaded with s sample prepared from
2.804% grams of Nd,04 dissolved in b.2 ml., of concentrated
hydrochleric acid; two columns were losded with 5,6090-
gram samples of ﬁaROB dissolved in 8.3 ml. of acid; snd
the remeining column wes loeded with a 5.6090-grem ssmple
of H&203 dissclved in 83 ml, of acild. The detalls of
loading the columng have been desgeribed above, The
columns were eluted with 0.1% citrate at a pH of 6.20.
All ef the columns, except one of those with a lesd
consisting of 5.6090 grams of Nd,05 in 8.3 ml. of »sold,
were eluted at 2 flow rate of 0.5 em./min.; this one
column was eluted at hslf the flow rate of the others,

A precipitate of conelderable magnitude was observed in
the lstter column arter.abeut 3.2 liters of eluant had
been psssed into the column, Thls precipitate almost
completely blockad the pores of the bed at a volume of
7.5 liters and the column weg shut off. A very sllight
precipitate was observed in the other coclumn, which wee
loaded identically but operated at the 0.5 cm./min, flow

rate, when 6.3 liters of eluant had been passed into the
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column. The precipitate redissolved graduaslly shd wss
no longer visible at a volume of 16.3 liters. Neither
of the other two columns ghowed any treces of precip-
1tetion. From this evidence it was concluded that a
fast flow rete, 2 smaller initial sample and the
addition of excess acid to the initiel sample &ll tended
to prevent the formation of the precipitate. It wae
apperent, from the fact that the precipltate redissolved
as the neodymium band moved down the column and spread
cut, thet a simple wsy to avoid precipltation at high
pH vslues and with heavy loade would be to elute the
column repidly in the first steges of the development
and then reduce the flow rate in the later stages. This
technique hes been employed throughout most of the
experimente to be described in this paper.

Figure 3 shows the length of the adsorbed band
from the 2,80U5-gram load as well ag the positions of
the leading snd trailing edges of the band, meassured from
the top of the bed at the time elution was begun. The
band length increszsed steadily until s length of 15.4 cm,
wag reached snd then remained constsnt., The front edge
of the band progregsgsed at a congtant rate throughout the
elution. The rear boundary of the band sdvanced gteedily,
but more slowly than the front boundary, during the first

part of the experiment; subsequently, the rate of move-
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ment of the rear edge incresged abruptly to the rate the
front edge was traveling ag the neodymium bend reeched
its fully developed gtate.

Figure 4 ghows the effect of excess acid on the
adsorbed sample. The smount of acid used in case (A)
was Just sufficlent to dissolve the neodymium sample;
in case (B) ten times ss much acid was used for the seme
size sample. The excesa acid doubled the length of the
initielly adgorbed band. Upon elution, the length of
the band formed in cese (A) incressed at a constant
rete until 1t was developed. The adsorbed band in case
(B) decreased in length until it became equal to the
developing band from the former sample, then it increasged
at a2 conatant rate until the band was fully developed.
The glight difference in the slopes of curves (A) and
(B) in Pigure 4 was due to a small difference in the
dlameters of the two cclumns., Column (B) was elightly
larger in dismeter, hence the fully developed bsnd was
somewhat narrower.

By comparing curves (A) and (C), it can be seen
that the rate of increase in bsnd length was independent
of the amount of sgemple originally adeorbed. With the
5.6090-gram load the lengths of the initisl and the

developed bands were eggentially double those of the
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2.8045~gram load. Again the small discrepancies were
due to a slight variation in the dismeteres of the columns,

Followlng the premiliminary experiment just deescribed,
a number of experimental runs were made in which geries
of columng were losded with sufficlent neodymium icn to
give bande 15-30 cm. long when fully developed and eluted
with 0.1% eitraste solution at pH values ranging from 5.4
to 7.4, Quantitstive dsta, concerning the movement of
bands on the column and the concentration of ions in
the aqueous and resin phases, were obtelined.

(a) First experimentel run. In the first run a
geries of geven columns were prepared as previously
degeribed, Five of the columng were loaded with samples
prepared from 5.00-gram samples of Ndp04, one was loaded
with 3,00 gramg of the oxide and one with 1,50 grems.

The gamples were eluted at a flow rate that was controlled
at 0,5 - 0.6 om./min. throughout the run with 0.1% citrste
solutions at pH values of 7.4, 7.1, 6.8, 6.5, 6.2, 5.9,
and 5.6, respesctively. A dense precipitete formed in

the eolumn opersted et a pH of 5.8 shortly after the
experiment was started and blocked the pores of the resin
bed to such an extent that the elution of this column had
to be discontinued.

The positiona and lengths of the bands were measured

periodically and, as the fronts of the bands resched a
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point about 25 om. from the bottome of the resin beds,
a number of appendsges, conteining weighed samples of
gtandard resin, were attsched to the ocutlets of the
columns, The bands were then allowed to move onto the
eppendages.

Some of the resgin sampleg were plsced in a distil-
lation spparatus where the adsorbed ammonla was evolved
by meang of eodium hydroxide, digtilled into a receiver
of boric acid gsolution, end titrated with scid. The
adgsorbed neodymium in the remalning resin semples was
recovered by ashing the resin, dissolving in hydrochloric
acid, precipltating as the oxalate, and igniting to the
oxlde for welghing.

The emmonium ion in the eluste in contsct with the
developed band wag determined by the evolution method
degceribed sbove and the neodymium in the aqueous phase
was determined by simply precipltating it ss the oxalate
end igniting the oxslate to the oxide for weighing.
Anslyticel dsta for this experiment are given in Teble 2,

The distribution ratics of the ammonium ion and of
the neodymium between the resin-gel and the agueous
phease have been compared, in Teble 2, to the ratio of the
resin capscity to the concentration of the ammonium ion
in the eluant, that 1s Eﬁﬁgﬁ. The resson for this

sorrelation will be discussed later.



Table 2
Analytical Dsta from the First Experimental Run

The Agueous Fhage

(4

pH of elusnt NH; in eluent NH;, in eluate _ Nd in eluste  pH of eluate
, . {(meg. per liter) (meg. per liter) (meg, per liter)

A 15.39%.03 8.16%.03 7.82% o2 6.79% .01
g’é 15.19 8.21 7.16 6.40

6.5 14,10 8.45 .70 5.70

6.2 13.04 8.80 .36 5.52

5.9 11i.92 9.21 2.85 R

5.6 10,94 .66 1.51 5.34

The Regin Phase

H of elusnt in resin ¥4 in resin Nd /N REt /NEGY  Q/NE),
? ° e Hﬁg er gram meqg, per gram) g ds, R Vg &/ X,
7.l 2.25% 2.01%,01 0.271 0,275 0.277
Z'é 2.27 1.98 0.277 0.277 0.281
6.5 2.5h 1.66 0.291 0,301 0.302
6.2 2.79 1.481 0.323 0.317 0.327
5.9 3.15 1.01 0.355 0.342 0.357
5.6 3.65 0.53 0. 350 0.378 0.38¢9
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(b) Second experimentsl run. In the second ex-
periment, 7.00, 6.50, 6.00, 5.00, 3.00 and 1,50«gram

samples of Nd203 were eluted at pH velues of 7.3, 6.9,
6.6, 6.3, 6,0 and 5,7, respectively, The flow rates
were 1.0 - 1,2 em./min., initlally, and were reduced
gradually to about 0.32 cm./min. before the bresk-
through occurred.

A heavy precipitate formed in the column at a pH
of 6.6 when the flow rate was reduced to 0.5 cm./min.
and 1t wee necesgary to discontinue the elution of this
column, The neodymlum wze eluted from the other five
columng of the gerieg, The concentrations of ammonium
ion and of total neodymium in the eluate were deter-
mined and the pH vslues of the solutions were resd,

The analytical deta and the pH values for this experi-
ment are given in Table 3 and s typleal elution curve
showing the ammonium-ion concentration, the neodymium
concentration and the pH of the eluate as functions

of the velume of eluste collecied 1g given in Figure 5.

(e) In the third experi-
ment, 6.50, 6.00, 5.00, 4,00, 2.50 and 1,00-gram samples

of wd203 were eluted ot pH velues of 7.20, 6.76, 6.52,
6.17, 5.87 and 5.40, respectively., The flow raete used
initislly was 2.0 em,/min. ‘When the band front resched
the middle of the resin bed, the flow rate was reduced



Table 3

Anslytical Data from the 3Sscond Experimental Ran

pH of eluant  NHy in eluant ﬁag' in eluste  Nd 1in eluate  pH of eluate
‘ me ,

(még. per liter) (még, per liter) (meg, per liter)

7.30% .01 15.59% .03 8.20% .03 7.40% o2 6.58% 01
6.90 1k,98 8.133 6.68 6.00

6,60 14,45

6.30 13.57 8.75 L, 8k 5.55
6.00 12,56 9.06 3.56 5,41

5.70 11.53 9. 5k 2,10 5,34

w5
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to 1,0 em./min. At the three~guarter mark the flow
rate was reduced to 0.33 om./min.

(a) Fourth experimental run. This experiment wee
identicel to the third run, except that exactly half the
flow rate uegsd in run three wag used throughout the run,

Band progress curves et two widely different pH
valueg for the fast and slow rates are compared in
Figure 6. It wes noted that similer curves were obtalined
for both flow rates at the higher pH value, but that at
the lower pH value the band spread out past the equilib-
rium length at the fast flow rate, For intermediate pH
values the bands also lnoreessed beyond the equilibrium
langth when the faster flow rete wag used. It was
generally cbserved that a& band, which initlally spread
out too far at the fast Ilow rate, contracted when the
flow rete was decressed and approached the length ob-
tained with the slower flow rate for the same pH of
eluant. It appears unwlse to ugse flow rates in excesgs

of 1.0 em./min. in experiments of this type.
| Analytical datsa from the third and fourth experi-
ments sre compared in Table 4, It wae observed that
the date for these rung were in close agreement in spite
of the difference in flow rates. Apperently eguilibrium

wog re~sptoblished in the cegse of the fester flow rates
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Table &4

Anslytical Data from the Third and Fourth Experimental Runs

pH of eluant  NH; in
oo AR g 5

*

eluant  KH' in eluste N4 in eluste  pH of eluate

Taat rate . '
7.20% .01 15.34%,03 8.18T .03 7.22%,02 6.451t 01
6.76 | 13.67 ' 8.35 6.36 5,90
6&52 125-22 8;& 1‘8 50?9 5&?2
6.18 13,07 8.87 b, 22 5.51
5.87 11.99 9.26 2.69 5.10
540 1042 9.92 0.5% 5.31
slow rate

8.76 1“.22 8.41 6.30 5.93
6.18 13-0? 8.8? &‘20 5.22
5.87 11.99 5.28 2.68 5.41
5. 40 10.42 10.01 0.45 5,32

s
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after the rete wesg reduced and before bresk-through
occurred. Comparison of the anslytlcsl data from these
and previous rung with the hydrogen ion concentretion,
as determined by pH measurements, ghowed deviations
which ocould not be accounted for by the experimentsl
error in determining the pH or the ccncentretions of
the ammonium lon and the total necdymium in the eluate.
Ags 8 check, the pH valueg of golutionsg from the eecond
run ware redetermined after they had been standing in
Pyrex glass-stoppered volumetric flagke for a peried
of about two montha., A considerable ghift in the pH

of the golutions was observed ss can be geen in Teble 5,
Table 5

The Change in pH of Bolutlons of Eluste from the Second
Run upon Stending

pH of eluant pH of eluate pH of eluate
| _ | fresh menths later
7.30 6.58 6.84
6.90 6.00 6.19
6.30 5.56 5.68
6.00 5.43 5.50
5.70 5.34 5.82%

® Phig solution had become notloeably cloudy.
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It waes also discovered that the pH of the solution
from the third and fourth rung changed upon standing in
the same manner. This discovery suggested that the
gsclutions were unatable? probably due to the presence
of some miero-organiem which wes glowly destroying the
eitric acid. Subsequently, samples of the solution were
teated by Dr, L. A. Underkofler, who reported that
bacteria, in the form of short rode, were present in
the solutions. At this point it was concluded that
further experiments were necessgary before sny calcalstions
which depended upon the hydrogen-ion concentration could
be made,

(e) FAfth experimental run. In this run, pre-
cautions were taken to minimize the chance of errors
due to the pregence and growth of miero-organisms. The
resin beds, the siphon tubes, the meke-up tank and the
carhoys, used for gtoring solutions, were rinsed with
hot water and with 1% phenol sclution. As an added
precaution 0,27 phenol was added to the 2luant for one
series of columns to inhibit the growth of microe-
organisms while & second geries of columns was eluted
conteining no preservative., When the bande on both
geries of columns were nearly spread out to their
equilibrium lengths and the front boundarieg of the

bands had moved about half-way &own the resgin beds,



61

the originel batches of eluant were discarded and were
repleced by fresh c¢itrate solutions in order to further
reduce the chence of spoilage by bscterial asction.

Each geries in this experiment consisted of seven
columns which were loesded with 6.50, 6.25, 6.00, 5.00,
h,00, 2,50 and 1,00-grsm semples of ﬁﬁzeg. to provide
bandg about 25 om. long when fully developed, and eluted
with 0,1% citrate at pH values of 7.4, 7.1, 6.8, 6.5,
6.2, 5.9 snd 5.6, respectively. The flow rate during
the first half of the elution was 1.0 om./min. and was
reduced to 0,33 em./min. during the last half of the
elution,

The eluate from esch column wae collected in
covered, 2~liter, Pyrex, volumetric flasks at the latter
flow rate and was analyzed for emmonium ion and neodym=
ium by the methods desoribed above. The analyticel data
and the pH values of the eluates from both geries of
columns ere given in Table 6. The pH of the eluate
from each column was meassured immedietely sfter it was
collected and periodieally thereaftsr,

It was cobserved that the pH velues of the eluastes
with no pregervative incresged markedly upon stending
a8 short time, but that the pH valueg of the eluates
with phenol added Aid not change appreclably until they
had stood for a congiderably longey period of time. A



Table 6

Analyticel Data Obtained from the Elutien of Neodymium with 0.1% Citrate

pH Nyt m{" Na pH gt KH, + Nd
of sluant 1:1 ela?t m elagte in eluata of elnate( in eiaate b

without phenol

7.52% 01 15.352%,03 8.15%,03 72.45%,02 6.87%.01 o. mt.m 15.60%,05
7.07 15.15 8.18 6.96 6.30 0.50% 02 15.14
6.78 14,61 8.38 6.32 5.95 1.12% 03 14,70
6.49 13.89 8.58 5.2 5.71 1.95 _.05 14,00
6.19 12.96 8.89 L.12 5.52 3.02*, 07 13.01
5.90 11.90 9.27 2.65 5.42 Z .80 .09 11.92
5.60 10.90 9.68 1.23 5.36 37,11 10.91
as above, but phenol sdded

7,80 15.49 8.17 7.43 6.70 0.20t.01 15.60
7.05 12.05 8.17 6.96 6.19 0.65*,02 15, 13
6.49 13.88 8.%6 2?3 5.70 2,00 t£,05 13.95
6.15 12.95 8.87 .8 5.51 3.09 +,07 12.95
5.88 11.83 9.32 2.57 5.50 p-98 .09 11.89
5,60 10.89 9.62 1.26 5.33 68 % .11 10.88

<9
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slight drift in the pH was noted even in the phenolic
solutiong after geveral wesks, The changes in pH with
time are ghown in Tsble 7.

Table 7

The Change of pH with Time in Neodymium Ammonium Citrate

Solutions with and without Pregervative

pH of eluant pH of eluate

fresh after 1 week after 2 weeks
no phenol
7.k 6.88 6.91 6.99
?‘Og 6.30 6.47 6.61
6.7 5.95 6.05 6.19
6.hg 5.71 5.77 5.79
6.19 5.52 5.59 5.61
5,90 5.42 S.EO 5.21
5.60 5.36 5.40 5.42
with phenol
7.40 6.69 6.71 6.77
7.058 6.19 6.19 6.25
6.77 5.89 5,91 5.99
613 25 550 23
5.88 5.50 5,50 283
5,60 5.33 5.33 5.33

¥From the data in Teble 6, it was apparent that the
addition of 0.2¥% phenol to the elusnt 4id not greatly
change ite pH. Consequently, llttle or no difference
should have been noted in the pH of the sluastes unless

the phenol complexed with the neodymium or some microe-
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orgenlism was sctive. At the higher pH values, some
diffsrencea were obgerved in pH's of corresponding
elustes, although the differences in neodymium and
ammonium-lion concentrationg were within the limits of
experimental error. Thege differences in pH at the
higher pH values were probably due to bascterial action
in the unprotected goluticons. Consequently, in this
thegis, for csleulations which involved the hydrogen-
ion concentration 1t was assumed thet the correct pH
valueg were thoge initislly observed 1n the solutions

which were stabilized by the addition of phenol.
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IV. DISCUSSION OF RESULTS

A. Materiasl Bslance

It is obvious that, if large aspace charges are not

to be bullt up, a solution flowing past an lon-exchange
resin must remain neutrsl at all times., In the elution
of rare sarths with sclutions containing citric acid and
ammonium citrate, the only negative ions pregent in ocone
centrationg greater than 1@*6 are those which contain the
eltrate redical. 8inoce there are no anlons present ex-
ocept the trinegative c¢itrate lon and its complex lons
formed with either hydrogen or neodymium ion or both, it
follows that the sum of the egquivalents of ammonium ion,
total hydrogen and total rare sarth present must be equal
to the number of equivalents of total citrate. Ex-

presged mathematically,
c1t? - 8T+ BT + nm,” (36)

in which all concentrations sre expressed in equivelents,
In the above formulatien‘gggzlrapreaenta the total citrate
concentration, whether it be present as Cit~, HCit™,
Hzﬁat“; ROLt,, ﬁacit£=. or any other negative citrate
complex; gﬂ iz the total concentration of available
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hydrogen, whether present as HGLt™, H,C1t , HyCit, H',
or sny acld rere-earth-clitrate complex, such as HRGit£=,
but deoes not include hydrogen bound in water moleculeg
or in the structure of the trinegestive cltrate radicael;
RT 1s the total rere earth concentration, whether preg-
ent as ﬁcitg » R**", or any scidic rare earth complex,
such as Hﬁcitz H ﬂHa is the total ammonium-ion concen-
‘tration present. ~;: is agsumed in the dilute solutions
used that all ammonium salte are completely ilonized.

No evlidence wag found that any form of citrste lon,
elther free or complexed, is adsorbed on the resin when
the bendg ere at equilibrium, therefore, the GitT of the
eluate must elways equal the gggﬁ,or the eluant. Since
2ll the degoribed experiments, for eluants of verious
pH values employed, uged the gsame concentration of totsl
citrate, this ccneentrstion 1s & true constant for all
solutions involved, whether elusteg or eluants. There-
fore, (uf + Nﬂg) must be equal for all eluents when ex-
pressed in equivalents and, in turn, must 2lso be equal
to (Hg-f R?-+ NEJ) for all eluates. It hss been shown
in the litersture (37, 64, 65), for the smmenium-hydrogen
exchange on a resin identical with Nalcite HCR, that

Ny + Hy == NHYL + Hg' (37)

and the velue of the molar eguilibrium constant;
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GHEGNHLPR

Km

ia epproximately one, when the mole fractions of hydrogen
on the resin and in solutlion are very small.

In the sclutions employed, the cconcentrstion of the
ammonium lon in the eluaste veried from 8x10™- to 1x10™2
N, while the hydrogen-ion concentration varied between
2x10~7 and 5x10~6N. That 1s, the ratio of the hydrogen
regin to the smmonium resin varied from 1:40,000 to
1:2,000 in the experiments.

Cne liter of eluant under equilibrium c¢onditions

on & column will saturate from

15,6103 = »
L, 26x10™ 3.66

to

10,0x10°2
2.35
b, 26x10™7

grama of resin with ammonium ion, This amcunt of resin,
when in contact with the equilibrium eluate, contained
from 2x10~7 to 5x10~6 equivelents of hydrogen lon.

The amount of hydrogen ion taken up from the resin
by esch liter of solution which flows past 1s actuslly

gsomewhat lese then thlg amount, becsuse a certaln amount
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of hydrogen resgin remeins behind in equilidbrium with
ammonium resin after the rare~earth band has moved on.
In fact, when the pH of the eluant is decreased to about
5.3, the concentrstion of the ammonium icon in the eluste
equals the concentration of the emmonium ion in the
eluent snd the net change in hydrogen~ion concentration
in the resin phese will be zero., Therefore, the maxinum
net tranafer of hydrogen ion from the resin to soclution
will be less then 2x10~7 equivslents per liter of eluste.
The value of 53 in the eluent varies from 1x10~Y to
5.6x10"3 equivelents per liter; therefore, the sddition
of 2x10“7 equivelente of hydrogen will only chenge the
velue of gﬂ one part in five hundred; thie variation
can be neglected since it ls wilthin experimental error,
Therefore, the value of gﬁ for any eluate cesn be ssgumed
equal to the HT of the originel eluant., It should be
cautioned thet, while gﬁ may be considered constanf
from slusnt to eluate, the concentration of hydrogen
lon varies sppreclebly.

Accordingly, equation (36) reduces to
NE} = NHy + BT = catT - T (39)

in which NHf is the concentration of smmonis in the eluant
and NE&*&@ the concentration of emmonium ion in the eluate.

That this relstionship holds can be aseen from the experi-
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mental data given in Tables 2, 3, 4 and 6.

2. e formatio nd developmen e band

prediction of break-through volumes

In all the preceding experiments, each column con-

talined exactly 200 gramg of sir-dried, hydrogen-form,
Nalcite HCR resin. This standard resin was found to
have a capacity of 4.26 nilliequivelents per gram for
either monovalent lons or for trivalent neodymlum 1ion.
Consequently, all resin beds used hed s total capacity
of 852 millequivalents.

For the edsorption of necdymium on the hydrogen-
form resin, a dilute solution of neocdymium chloride,
containing only & slight excesgs hydrochloric acid was
passed slowly down the resin bed, Since neocdymium was
by far the most predominent catlion in the sclution
entering the column snd the regin bed wass completely
satursted with hydrogen lon at ell points below the
reaction zone, the resction represented by equation (40)

proceeded irreverasibly toward the right.
+ +3 +
Na}3 + 3Hp = W&o + 3Hg (40)

Only the resctants, neodymium chloride and hydrogen-
form resin, wers brought into contact with each other,

due to the fset that the hydrochlorie acid, formed during
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the resction, was swept Qownstream and out ef the
reaction zone by the flowing solution; furthermore, the
neodymium resin formed during the resction was left up-
gtream where 1t wag contacted by nothing but fresh
neodymium chloride solution,

Ae a consequence of the sbove arguments, it can be
sgen that a saturated band of neodymium resin would form
at the top of the resin bed, The fraction of the resin
bed converted to the neodymium form was equal to the nunme
ber of equlivalents of neodymium ion adsorbed divided by
the total cepacity of the bed, consequently, 1t was
posaible to predict the spproximate length of an initial
adasorbed rare-earth band, Sinece Nslcite HCR resin
shrinks considerably when it 1g converted from the
hydrogen to the neodymium form, it 1g necessary to know
the shrinkage faetor if the band length is to be calou-
lated precisely., The portion of the bed below the ade
aorbed rere esarth band remsined in the hydrogen cycle
throughout the adsorption procesga., After the neodymium
wag adsorbed, dlstilled weter was passed through the
column in order to remove the excess free ancid. Thie
ingsured that the only shrinkage which took plsce was
that which occurred in the necdymium band and 1t followed
that the exchange capaocity of the remaining hydrogen-
form bed per unit length d1d not change. The concentration
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of the hydrogen lon in the eluant wes much less than the
concentration of smmonium ion in the experimente de-
seribed above. Since the affinitles of hydrogen and
ammonium lone for the resin are nearly equal, the amount
of hydrogen ion adsorbed from the eluant was negligible
compared to the amount of ammonium lon adsorbed when

the neodymium bsnde were eluted. Since the ammonium and
nepdymium break-throughs occurred simultaneougly, it
follows that.tha rate of movement of & band front down
the resin bed should be proportional to amount of
ammonium ion in the eluant. From these observations it
s clear that the break-through volume, in liters, may
be ecaleulated by dividing ths number of equivalents of
hydrogen-form resin remaining after the rere-earth bend
was adsorbed, by the number of egulvalents of smmonium
ion per liter of eluant. The calculated and observed
bresk-through volumes for the firat four experimental
rung are given in Table 8. The observed values are
generally slightly lower thasn the calculated vslues
gince some evaporation took place while the eluate was
being collected and messured and becsuse the break-
through wae usually observed before gll of the hydrogen
fon on the column was replsced, due to channeling which
caused uneven band fronts. In view of these facts the

data of Table 8 sre in excsllent agreement.
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It can be seen from the data in Pigures 3 and 6 that
the rear edge of each band, as well ag the front edge,
traveled at a conatant rate while the equilibrium band
waa developing, but that thisg rate was slower than the
rate at which the front edge traveled, When the adsorbed
band resched its fully developed state =28 indicated by a
fully developed elution curve such as 1s shown in PFigure
£, the rate of movement of the rear edge of the band
inereased abruptly to the same rate at which the front
edge was traveling. Beyond this poilnt there was no
further change in the length of the adsorbed band or in
the shape of the slution curves obtained as elution was
continued; this has been »eported in a previous paper (6).

The resr edge of the band traveled down the column
as & linear function of the volume of the eluant intro-
duced, at a given flow rate, until the band spresd out
to 1te equilibrium length, It should be noted that
golution, pessing through the column, had to travel
through a portion of the resin which contalned a high
mole fraction of neodymium. Under thesge conditions it
1s possible that other necdymium-citrate complexes may
form than those which are normelly present in contact
with the eguilibrium band. For example it has been
noted that an insoluble ocitrate complex forms occesionally

in thie phage of the elution. In view of thege facte 1t



7

ig evident that gulficlent experimental dats are not yet
avallable which would ensble the predietion of the rate
of travel of the rear edge of the band.

It has been steted previcusly that neodymium ede

~sorption bands reach an equilibrium gtate in which the
elution ocurves obtalned have flat tops and steep front
'anﬁ reay boundaries, anﬂ thet the shapes of the curves
end the platesu concentrations do not change as the
column length is inereaged, as long as all the other
eonditions of elution remain constant, Figure 7 shows
the elutlon ocurves for a number of neodymium samples
which were eluted at various pH values in the experiments
degoribed above, The flatness of the plateaus indicates
that the adsorbed bands were uniform after equllibrium
waa attained except for a smsll portion at each end of
the bandg. Most of the alope of the front and rear
portions of the curves can be sscounted for by the tilg
of the sdsorbed bands, which wag actually obgerved when
the bands were examined under blue light, due to channel-
ing in the reasin beds.

In Pigures 1 and 2 1t can be seen that tilting of

the bande 1g & fsoior which becomes very importasnt in
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the elution of narrow rare-easrth bands; this will be
disocussed at length in a later gection. In the pregent
experiments relatively wide bands were ugsed and the end
effects were relatively unimportant.

When the bands are in a fully developed state, the
ammonium lon and the neodymium in the solution flowing
over the uniform region of the band must be adsorbed
upon the resin in the same ratio as they exist in
golution when they reach the bottom end of the adsorbed
bend, since 1t would be impossible for the nsodymium
and ammonium fronts to travel at the same rate and to
break-through simultaneously under any other conditions.
It haz therefore been concluded that the ratloe of the
congtituents in the resin phase must be equel to thelir
ratios ln the aqgueous phsse at equilibrium with 1%,
that 1is

(me) | smg) (1)
= ()
and
=) - ()
—] - (42)
(ﬂﬂi-s NHy g

Equation (41) is also a dlrect consequence of setting

the molar equilibrium constant for the ammonium~hydrogen
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exchange equal to unity. Bonner, Argersinger and Davideon
(65) have shown that this 1s true for such a system in
which the mols fraction of hydrogen lon on the regin 1is
low. Combining squatlons (41) and (42)

g 2 % = ffé (43)

Hg NH&S Ndg

Ag was shown in anh earlier section, when the hydrogen-

lon eoncentration in both phases 1s negligible compared
to the concentrations of ammonium ion and total neodymium,

two conservation conditions hold, namely
NH[,,; + Na% - NED (b4s)
NE, + Neg = Q (45)

In the preceding equations:

t . the concentration of smmonium ion in the eluate;

-

g
&

&
=
o+
H

- the concentration of ammonium ion in the resin;

= the total concentration of neodymium in the eluate;

15 12|

= the total concentration of neodymium in the resin;

*

the concentration of ammonium ion in the eluant;

1o Lg
T

= the capscity of the resin.
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For convenience HH; and the symbolg with the subseript,
8, are ganerallngzéragge& in milliequivalents per liter
of solution; @ and the symbols with the subscript, R,
are expressed in milliequivalents per grem of resin in
the steandard, sir«dried, hydrogen forn.

Prom the sbove equations 1t follows that

Naf @ Y By
N, NH ﬁﬁ&s Hg

That thls condition is true may be established by come
paring the concentration ratios given in Table 2, In
the firat experimental run the resin appendages were
atteached late in the experiment and probably upset the
eguilibrium somewhat causing erratic results; however,
the data agree fairly well with the assumption that the
concentration retios are equal for a fully developed

hand,

hauo

The eoncentration of the ammonium lon and of the
total neodymium in the eluate at equillibrium have been
plotted ag funotions of the ammonlum-ion concentration

of the eluant in Flgure 8. Data from all five exper-
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imentel runeg were included and the curveg obtained were
very nearly linear functions. Experimentelly it was

found that the rare earth content of the eluste approsched
zero es the smmoniumelon concentration wesg reduced to

10 meq. per liter., While 1t is possible to elute neo-
dymium from Nelcite HCR with 0.1% citric scid solutions
containing less then thlg concentrstion of semmonium ion,
the rate of elution 1s elow, the elution curves are bell-
ghaped and the hand contlinuesg to spreed out.

For elusnts in the pH range 5.3 - 7.4, which corre-
gponds to 10.0 - 15;6 milliequivalents of ammonium ion
per liter of 0.1% citric scid sclution, the concentration
of neodymium ion in the eluste waglfcund to incresse
linearly with incressed ammonlum-ion content of the
eluent until it resched a velue approximetely one-helf
the number of eguivelents of total citrete pregent. At
thls point the ammoniume-ion cenoehtratlon in the eluant
weg equsl to the totel concentration of citrate., Ex-

pregsed methemsticslly,
Nag z% (vef - 10.0) (47)

ng and Rﬂz are expresged in milliequivalents per liter.

3ince

Rg + NHy = NH] (48)



81

ir Eg is a linear function of Nﬂg. it follows that
NH,Y ve. NHj and the NHp' va. RY mugt also be linesr,
Mg e N Mg ve- By
Furtbermera, if the slope of any one of these straight
lines 1s known experimentally, then by differentiating

(48) the slopes of the others can be calculated, for

example
ANHY amnu; anag
ARHy aNHy, &NHH,
or
—
ﬁﬁﬂh
*5::1-'%:*3‘- (50)
ANHj, 3

The equation for the NH&+ va. Nﬂﬁ relationship has

been found experimentally to be
Hfiz{; = - '!3" NH) +13.3 (51)
An sgresment with equation (50).

By means of equations (47) and (51) it is poseible
to caleoulate falrly sccurately the rare~carth and the
ammonium concentrations in the eluate for any oconcenw
tration of ammonium ion in the eluant between 10,0 and

15.6 meqa. per liter.
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After egtablisghing that the ratio of neodymium to
ammonium ion in the regin phese was equal to the ratio
of necdymium to ammonium ion in solution and that the
concentration of hydrogen ion in the resin phase was
negligible, it wae a simple matter to eslculste the
length of the equilibrium bsnd from a knowledge of the
neodymium and ammonium-ion concentrations in the equi-
librium eluate. If the number of equivelents of neo-
dymium originally sdsorbed be multiplied by the concen-
tration of smmonium ion in the eluant divided by the
concentration of neodymium in the eluate at equilibrium,
the total number of equlvalents of all cationz in the
equilibrium band can be determined, From this resalt
and a knowledge of the exchange capsciiy per unit
length of hydrogen~form resin bed the length of the
adgorbed band at equilibrium may be calculated. For
more precige caleculations it ig neceasary to take into
account the differences in the equivelent volumes of

the hydrogen, ammonium and neodymium-form resins.

complex

It was observed, in data from experiments which

were performed st pH valueg greater than 7.4, that a
break ccocurred at a point where the neodymium eoncen-

tretion was equal to half the total cltrate conecentpation.
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Thie break wes consldered as strong evidence that the pre-
dominant rare-earth complex lon in this pH range yas
ﬁﬂitziz this conclusion has been further substantlated
by the spectrographlec results reported by Ipedding and
Tevebough (73). 'They photographed tﬁe absorption speetra
of the neodymium-citraste soluticns at various pH values
and found that the sbsorptiocn bands of only one complex
ion were observed in the pH range digcuszed in thie
thesie. In sddition to the above evidence, Ryabchikov
and Tersnt'eva (7¢) have recently shown that the water-
soluble complexes formed by adding chit, Najslt and
(NH)4C1t to insoluble NACit.2H,O can be precipitated

by the additlon of alecohol and have the compositions:
K,(NaC1t,), Nag(NACit,).3H,0 and (NHy),(NaC1t,):3H,0,
respectively. Consequently, (NACit,)™ wae assumed to be
the predominant complex 1§n of neodymium which was
present in the eluates obtained from experiments (a)
through (e).

Since the lonizatlon constants of cltric acid are
known (75, 76), it wes & relatively eimple task to
caleulate the number of equlvalents of anlons present
in the eguilibrium eluaste and to check the assumption that
the predominant citrate complex present wag Ndcitéiz
thisz was accomplished by comparing the calculated number
of equivslente of negative ions to the analytically
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determined concentration of ammonium ions.

For the ionizastion reactions |

Hy01t = H,01 ™+ nt (52)
H,01t = HCAt= + H (53)
HOIt ™ =>c1t= +R™ (54)

the respective lonizatlion congtants are
(H,0187) (BY)

K, = _

3 (H,01%) (55)

K, = {HCItZ)(HY) (56)
(Ho041™)

Ky = {cag=) (1) (57)
(HC4t=)

The numericsl valuee of the ionization constants
of citric scid which were used to calculate the various
fonic species present in solutions of eluate were those
derived from the following relationships reported by

Bjerrum and Unmach (75) for citrate solutions at 25°:

pKy = 3.057 - 0.504Yp + 0.51p (58)
pK, = 4.759 - 1.512p + 1.25p (59)
pKy = 6,400 - 2,520|p +2.23p (60)

in which the ionie strength, B is given by the relation,
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pwiim2? (61)

The following expressions were used to csleulate

the fractions of each ocitrate ion present:

K
(H,C1t™) /Mt = x, S 62
2 / (ﬁ*)4—K1+-KIKZ/(H*)i-KIKQKB/(H*)g” ez
' (R, C1t™)K
(g%
(H,Cit™)X.K
(Cits)M! - -3~?§:;§3"3 (64)

in whieh (Hgaxt”), (HC1£=) end (C1t™) represent the

molar conscentrations of the regpective citrate ions;
{H*) 1g the hydrogen~ion concentration; M' is the total
molar concentratlion of cltrate exelusive of that com-
plexed with neodymium; and 51,.§g anﬂ.§i are the lon-
ization eongtants of the mono-, 4i~ and trinegative
citrate lons.

By means of equations (58) through (64), it 1s
possible to caloulate the amcunt of ammonium ion prege
ent in a cltrate solution if the pH 1s known, or

The value of M' in the eluate wasg caloulated by
subtracting twice the concentration of neodymium, 1ln
moles per liter, from the totsl molar concentration

of aitrata,‘ggﬁz, preasent in the solution, Thlg was
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done under the assumption that the amount of Na''™

present
wag negligible and that the only complex neodymium ion
prezent was associated with two citrate radleaels,

Ag a rirst approximation, prior to making corrections
for the actual lonic strength of each solution of eluate,
the concentrations of the lndividual citrate lons were
estimated using the mole ratlos of the lons ealculated
for 0.1% oitric acld solutions at the same pH value.

The mole fractions of the citrate lons in 0.1% citrio

acld solution in the pH range 5.0-7.4 have been caloulated
and appear in Table 9. Thege data have also been plotted
in Fipure 9.

The number of moleg of each individual cltrate ion
was then calculated according to the preceding equations
in whiceh the values of E;"Eg ana.§3 were those cor-
rected for ioniec strength; the hydrogen-ion concentration
used was that determined by pH measurements., Finslly,
the total concentration of anlionic charges wes evaluated
by multiplying the molar concentretion of each negative
ion by 1ts charge and adding these values.

The addition of phenol in small quantities to the
eluant did not change the pH appreciably in the pH range
of these experiments, nor did it change the smmonium or
rare earth concentration of the eluate, It did strbilize

the pH of the solutionsg which, in the absence of phenol,
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tended to lncrease due to the actlon of miero-orgenigms.
S8ince the experiments covered a period of a month, the
pH values of the sluate in whieh phenol was present were
eonsgidered to be the most rellasble,

The total concentrations of anionle ocharges in the
golution from the fifrth experimental run, in which phenol
was used as a pregerative, have been ¢alouleted and have
been compared to the analytically determined ammonium-
ion concentrations in Table 10, From the results of
these caleulations it was apparent that the assumed
composition, Edeitéz. was the most probsble composition
of the complex.

The differences between caloulated and observed
ammonium ion concentrations are greater than the experi-
mental error, but these differencesg are reasonable in
view of the oversimplified theoretical calculations.

In thege calculations no account was taken of the
ionization of N4Cit,~ which must ocour to some extent;
all other rare earth complexes have been asgumed to be

negligible over the entire pH range studled. It 1ig

—
_—

highly probable that at least the complex ion HNdcitz
willl have to be given serious oconsideration in the
more acldie ranges., Another posazlble source of thege
deviations, which has not yet been ruled out from con-

s;dﬁratlen,via the possibility of smell emounts of



Table 10

Comparison of the Calculated and Observed Concentration of Ammonium Ion
in the Eluate

Ammonium-ion coneentration Bifrerence
HY cone. 3 3& cone, Actu&l ﬁalculatsﬁ Actu&lucale*d
5L & a ® : : \

0.20 7.03 - 8,17 8.05 +0, 12
2 00 2.39 8.56 8.90 -0.3

3‘99 .Qﬂ 8‘ 5? 9023 *’G.Bé
2,98 2.57 9.32 9.60 ~0.28
L.68 1.26 9.62 5.85 -0.23

06
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impurities in the U.3S.P. citrice acid used. While tartaric
acid and other organic impurities in the citric scid are
stated by the manufacturers to be negligible in quantity,
it 1s posesible that even these small amounts may have

had some influence on the experimental results., For
exemple, since cltriec acld ls largely tied up as a
complex ion in the eluste, it is possible that any uncom-
plexed aclidic impurity might ultimately alter the pH

of the eluate,
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B, Conclusions

From the experimental results and the subsequent
digeussions 1t was evident that the behavior of the
neodymlium bande on lon-exchange columns, when eluted
with solutions of ammonium citrate under‘aquilibrium
conditions, could be asccounted for quantitatively on
the assumptions of electrical neutrality of the golution
and resin, materisl balanceg of the chemicals involved
and the thermodynamiec relstions which concern these
materiels in equillbrium with each other. It wae shown
that 1f the total citrate and the ammonium-ion concen=
trations of the eluant were known the pH of the eluant,
the soncentration of the total neodymium, the ammonium
jon and the pH of the eluste could be calculated to a
reasonable degree of accuracy, in most cases to better
than two per cent., This was also true for the rate of
trevel of the front edge of the adsorbed band down the
column and for the volume of eluant required to obtain
bresk-through of the neocdymium at the bottom of the
column. Furthermore, 1f the number of equivalents of
rare earth adsorbed on the column were knowﬁ, then the
length of the band at equllibrlum oould algo be cal-

culated.
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The experimentsl results indiceted thet Ndﬂitzg‘wae
the predominant necdymium-citrate cemplex in the eluste.
If thie complex 1a agsumed to be the only rare earth
comnplex present in the golutlion, the hydrogen—-icn concen-
tretion of the sluate could be saleculated to within a
few per cent of that observed. This assumption elso
fixes the axtkapmlateﬁ rare ssrth concentration in the
eluate when the pH of the eluate spprosches 7. Unless
the velue of the equilibrium censtants of the rare~esrth
complexes formed and the sctivity ccefficients of the
various lons in golution and on the regin ere knewn, 1t
18 neceggary to obtein the smmonium-ion concentrstion of
the eluste or eluant when the rere esrth ccntent of the
eluste goes to zerop; in addltion, use has %o be made of
the obgerved fact thet the necdymium-ammonium ion rela-
tionships are linesr. This 18 necesgary because the
linearity and slope of these relationships are determined
by the equillbrium constants.

Since fTurther work ig in progress, in the Ameg Labo-
ratory, to eveluate these constants and activity coef-
ficlents, 1t would be premature at this time to attempt
to refine these cslculstions beyond those which are in
this thesis. It 1s interesting to note, however, that
1t is poseible to llst the unknowns in the scluticn and

in the resin phase and to set up the same number of
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independent egua;iana from which 1t 1s possible to solve
uniquely for the unknown variables. The variables are
ammoniun, neodymium and hydrogen ions in the resin phase;
hydrogen, necdymium and ammonium ions in the eluate; the
four citrate species; and NACit,= end any other neodymium-
eitrate complexes euch asg HR&Glté‘. The known oconstants
inelude the total cltrate concentration; the total hydrogen
or the ammonium-lon concentration of the eluant; and the
capacity of the resin, Q. The equation relating the
components of the squeous phase involve

1. Citrate belance

2. Total hydrogen balance

3. HNeodymium bslance

4, Balence of positive and negastive charges in

golution

5. The firgt lonizstion of citric secld

6. The second ilonization of ciiric secild

7. The third lonizatlon of citric aocid

8. Ionization of NACit,=

G. Ionization of any other citrate complexes

It will be noted that there are nine equationes and
nine unknowns in the aqueous phase. However, the total
necdymium concentration in the eluate which 1g required
for the neodymium bslance must be known experimentally,

az well as the equilibrium constants and lonic activity
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coefficlentes required for the above equations, before the
equations ¢an be solved. The activity coefficlents of
the ions can be determined by independent experiments and
in faoct mogt of them are alresdy avalleble in the liter-
ature,

In the equilibrium involving the resin phase, four
equationa can be written for the remalning variables,
namely

1. Balance of positive and negative charges in

the resin phase

2. Equilibrium constant for ammonlum-hydrogen

exchange

3. Equilibrium constant for ammonium-neodymium

exchange

b, Equal ratios of ammonium ion, hydrogen ion and

total neodymium exist in the aqueous and regin
phagae

or the equivalent equations for 2, 3 end b

+ + LT
wui— = u-:'v. - .-.E -~ ——
NHyf Hg Ndg  NEf

In this case 1t 1z aleo necessary to determine independ-
ently the activity coefficlents of the ions in the resin
phase or to use the experimentsl fact that the bsnds

have an equilibrium length and therefore that the ratio
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of the ammonium-lon concentration in the resin to the
ammonium«~ion concentration in the eluate is equsl to the
ratlo of the total concentrations of necdymium in the
regin and in the aqueous phese, which 1s in turn equel
to the ratio of the hydrogen-ion concentrstion in the
regin phase to the econcentrstion of the hydrogen icn in
the eluste,

fince 1t 1s difficult to determine the sctivity
coefflclients of the ion in the resin experimentally it
is perhaps better to use the anslyticaelly determined ion
concentrations to find the setivity coefficlent retio of

the lons,

?., BSelf-gharpening of bandg

If one examines the dissocletion constant equation
of the necdymium citrate complex
\ (NaC1t,3)
K . U,
: + =
(8a*2) (01¢™®)2

it will be noted that the value of Kk for each rare earth
would be different. Although seversl rare esrths masy be
present st the same time in solution there cen only be
one concentration for the ¢1t = 1on. Therefore, the ratlo
chtég/ﬂfﬁ for each rare esrth will have to be different.
This fect wlll cause some of the rare earth lons to be

out balance with the resin phase and the rare earths
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will geparate into bsnds with esch lon geeking the proper
citrate lon concentration, Once they have separated, the
citrate-ion concentration will adjust itself so that

each band travels at the same rate. Under these condi-
tions, if a rare earth ion from one band elther gets
ahead into a preceding band or falls behind into a
following band, it will meet an unfavorable citrate

ion concentration end ite progress will either be retared
or gpeeded up so that it returns to 1ts own band., There-
fore, one would expect the band fronts to be extremely

gharp under egquilibrium conditions.
C. MNarrow Bends

It will be noted from the above digcussion that if
trace amounts of rare earths are adsorbed on the columns
and eluted with citrie seid, in the pH and concentration
ranges given sbove, thet the individual rare earth bends
will be extremely narrow after development; they will
ride one upon the other and in no circumstances wlll they
spread apart under equilibrium conditiona, If the band
fronts could be maintained perfectly flat, each elution
band would be rectangulay in ghape with sn extremely
narrow abcisgsa. If the band fronts become tilted or
channeled, as practically always happens in preolice,

then as the solution moveg across & glven cross-~section
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of the column one rare-earth will be exchanging in one
area while a dlfferent rare earth wlll be exchanging
elsewhere in the same plane. ‘The eluste will be made up
of a composite mas it flows from the column and the
separation will be very poor. Therefore, it is desirsble
when separsting rare earths under these conditions of pH
and concentration to choose column diemeters so ss to
make the rare earth bénda a8 long ag practical and to
load the columns with as heavy loads as the experimentel
conditions will permit.

It will sleo be observed that If a single rare earth
is adsorbed ln trace amounts, and if the bands become
t1lted upon elution, pseudo belle-ghaped elution curves
will result. This effect results from the fact that the
quantity of rare earth being removed at the bottom of
the column does not come from a complete laminsr crossg-
gection of the adsorbed band, but rather from rectangular
incrementa of an inelined ellipse which progresses across
the bettom boundary of the resin hed. Accordingly, the
bell-ghaped curve ig in reality made up of an envelope
of narrow rectenguler increments which first increase
in height and then decreage as successive chords of the

tilted ellipse are eluted from the column.
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V. ESUMMARY

1. Investigations were made on the adsorption of
neodymium on Nsleite HCOR resin beds snd subsequent elution
with citric scld-ammonium citrete solutions at a number
of pH values. Quantitetive measurements were mede to
determine the distribution of the lons between the aqueocus
snd resin phases under equilibrium conditicnsa.

?. It was found that neodymium adsorbed on the
resin ecould be cobgerved as s dark band when viewed under
blue light and several photogrephe of bands were pre-
sented which showed the effects of channeling in the bed.

3. Methods for preventing the formation of the
insoluble precipitate, RCit-2H,0, were studied. It was
found thet a small initial sample, a fast flow rete in
the early stages of elution and the introduction of
excesg acid to the sample being adsorbed each tended to
prevent the formation of this inscluble compound.

L, The rete of movement of the front edge of the
adsorption band waeg messured and found to be proportional
to the rate at which the smmonium ion was belng sdded
from the eluant. It wes found that the break-through
volumes, in liters, could be ecalculsted precisely by
dividing the number of equlvelents of hydrogen~form

resin remaining in the column sfter the necdymium band
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was sdsorbed by the number of equivalents of ammonium
ion per liter of sluant.

5. The oepacity of the resin for both monovalent
and trivelent lone was measured. In both cases a capacity
of k.26 meq., per gram of alr-dried hydrogen-form reasin
wag observed; from this 1t was concluded that neodymium
wag algorbed only as the triposltive ion,

6. From theoretical considerations and the behavior
of the adsorbed bande the following relationships were
formulated.

T -
By WE BT Q

Experimente showed that these relationships were valid
Tfor the pH range investigated.

7. Analyticel data from five experimental runs
were plotted and 1t was found that the concentration of
anmonium ion in the eluate, the concentration of total
neodymium in the eluate and the ccncentration of ammonium
ion in the eluant were linear functions of one another,
Equations were derived which related the slopes of the
sbove curves to each other.

8. It was ghown that the concentration of the
hydrogen ion in the resgin phase was so low, compared to

the concentrations of the ammonium and the neodymium lons
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in the equilibrium band, that it could be neglected in
the materisl balance equation. Knowing the concentrations
of the total neodymlum and ammonium ion in the eluate as
functions of the ammonium lon concentration in the eluant
and also the amount of neodymium on the resgin bed, it

wag possible to caleulete the length of the adsorbed band
under equilibrium conditions.

9. From the materisl balance equations it was
ahown that the gum of the concentration of the ammonium
ion plus the concentration of the total neodymium in the
eluste wae always equal, within the experimental error,
to the concentration of the ammonium lon in the eluant.

10. Evidence wag presented to show that the pre-
dominsnt complex neodymium ion wes Ndﬁltzi.

11, Making the oversimplified assumption that
NaCit,= was the only neodymlum-citrate complex present
in thg eluate, the pH vslueg of the eluates could be
celcoulated with a falir degree of accuracy.

12. It wes ghown that, if the equilibrium constants
were known and the activity coefficlents of the ions in
the aqueocug and resin phages were determined independ-
ently, all pertinent data could be calculated on the
ageumptiong thet equilibrlum wae attalned and that
electrical neutraslity wes mainteined both in the aqueocus

phase and in the regin., Even without knowlng the values
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of the equilibrium constante and the activity coeffi-
clents, 1t was possible to degeribe the behavior of the
aystem quantitatively, since the ammonium-ion intercept
end the glope of the linear relationship between total
neodymium in the eluate and ammonium ion in the eluant
were known experimentally for 0.1% citrste solutions.

13, In setting up the necessary equations to
calculate the variesbles, to sn sccurascy of one or two
per cent, 1t may be necegsary to mske a correction by
including the poasibility of formastion snd, therefore,
the equations which involve the HNAC1t,~ complex.

14, The mechanlsm of self-gharpening of rsre-
earth hands upon elution was digcussed,

15. The effect of channeling on nerrow bsnds was
considered in detall., Several photographs of narrow

bands were presented,
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