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METHODS OF PREPARING SPECTROGRAPHICALLY

PURE PR:SEODYMIUM SaLTS '

. Ho Bpedding and T, &, Butler

From the Daosartment of Cremistry
Towa Srate Colliege

I. ABSTRACT

An ioneexchange process was de¥velcep=n for the separation of spec.:
rographically purse praseodymium salts i

~+

in kllogram amounte from commer-
cially available concenirates, The application of either 0,5% or 0.1%
citrate soiutions as eluting agents was shown to result in excellent
separations of prasecdymium frcm samarium, neodymium, and lantharum
when the mixed rare earths were sluted from Amberlite IR-102 or Naleite
HCR cation-exchange resins,

A number of variables were investigated which were shown to be
important, in the ion-exchange method for nreparing pure praseodymium
salts. It is desirabls to approach equilibrium conditicns as closely
as possible during the eiution vrccess in crder thaht the small differ-
ences betwsen the eguilibrium ceopstants of the individuval elements may
be fully utilized. Suffirieat time must be allcwed for the cations Lo
diffuse irto and out of the resin so that an =quilibrium may bs estab-
lished between the rare earthz ian the resin phase and those complexed
by the citrate lons in *the ;ur*nnndwrg solotion phase, Experimental
evidence is given 1o show that a reduction 1n the flow-rate of the
eluting solution and a decrease in resin particle size. which decreases
the length of the diffusion path in the resin. resulted in a closer
approach to equilibrium comditlions and inrreased the separation of
adjacent rare earths,

Small differepces ir rre pH oot the citra e soluflona used to eluts
the rare-warth band from ine rezin bed, resuited in both a qualitative
ard quantitative hsrgs 11 tite shape ¢f the slution curves, The varia.
tion 1n the shaps of the curves was inteprprerad as heiong related to e
change in the relaiive amportancs of different rares-earth zitrate come
lexes in the eiuting 3olonin,  The syistence of at least five such

li s paper™ iw based or 3 Pl vhesis by Thomas Burler, submitted in

&n&ﬁL9SL,



complexes ave ber yoihed by Spedding and o-workers (U). In general,
lower pH values ci 2. ovabe wsolubtions, in the applicable pH rarge,
resulbed in bebter _spavalions, However, i large-scale producti
compromise st be made betwearn ithe increased time necessary bﬁ CNmp¢ he
the elution, with scmewha' bezter separation, at lower pH values, and
labor cost.

ttle choi-e betwesn the use of 0,5% or 0,1% citrats
ating small :mounts of pure praseodysium. However,
is to be preferred for large-scale production sincze the
o i duced,

Naicite HOR rogin waz shown ho be superior ne Amberlite IR-10C for
larga-scale nrasecdymivm separations, Nalecite HCR not only has a higher
capacity bub the spherical Torm of the particles permits better packing
in a column, thus reducing the tendency of the rare-~earth band %o form
streamers or to channel during the elution., Dirsct observaticn showed
that irregulerity of the band-fronts of the individual rare earths may
accnuwt for a large percentave of the overlapping of adjacent zar

arths, In other words., the reglon of mixed rare earths in an elu lon
may be attrivuted in parL 4o the mezhanical difficulties of maincaining
a horizontal rarg-sarth band-front during the elutiocn,

-'J]

er percentdge vield of
*he sample welght
increase in the
"olumv length, This ilrerease in yield nccurs because the region of overe
lapping rars-earth bands remains essentially constant if a minimum rasia
bed-length is provided for allcwing full development of thz componernt
reme earths inlo baods, Marther increase in resir bed heighi. above the
minirmum lengtlh for a given <olomn g nnt result in further sep2ra-
tion betwesn adjacenl rare earll

Preliminary expPrer showed that a frea
+H~ aqu¢abLe pragendymi m e 5Jx194 frhm incre
of the praseodvmium ccnecenty i

]
ot

A complete irvesztigatiorn of the relation betwesn column load and
column length was preventsd by the formation of 2 slightly scluble rare-
earth 2itrate compounc WlLkh rrecipitatad in the resin ted as the sample
welpht was incraased. he rare-carth cibtrate precipitation in the resin
bed was praventsd by aﬂﬂlng cxeess hydrechloriz acid or ammoinium chloride
to the mixed rare-carih zhicrides before the sample was adsorbed on the
r2sin bed,

tion were successfully scalad up from small
oheplant which was demcnstrated to have a
capacity for producing kilograms of spectrographically pure prasec
dvmium oxice per year, spectrographically purs material, the

mission lines of any ponsible rare-earth impurity were absent which
showea that less than CQL% ~f such contaminates were present.

The conditions of =21
colum experiments o a
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Durin~- t* : 2ours=s of thes
spectrographically purs o

b
available to a number of inv bigators ﬁondudtwng uheorethal researches
on the pronerties of the rare earthsa,

IX. INTRODUCTION

The series of elements witn atomic nuwbers S8 through 71 are cum-
monly known as the rare earths; recently, following Goldschmidt's
suggestion, they are also dengnated as the lanthanide series., These
elements are so remarkably similar in their chemical and physical pro-

rerties that they have beca the objecht of extensive investigations te
determine mears of obtaining adsquate amcunts of thelr pure compounds

for detailed studies of their properties, Although rare-earth compounds
have been studied for a long wime., many c¢f the reported physical-chemi-al
data need revision because the reszalts, in most instances, were obtained
with relatively impurs samples.

The synthetic production of plutonium by nuciear fission lent,
emphasis to the need for the general availability cf pure rare-earth
compounds. JTsctopse of the rare sarihs are prominent among the fission
products, and it became vivaily important to determine .their nuzlear
cross-sections for capture of neutrons as well as their chemical pro-
perties.

The transuranic elements constitute a closely related grour known
as the actinide series or rars earths Type Sf in analogy to the lanthan-
ide series or rare earths Type lLif., It is ewvident that the lanthanide
and actinide series of elements have analcgous properties and, sin:ce
the members of the actinide seriess are even less availabie for experi-
mental work than are the members of the lanthanide series, it follows
that the latter find impcriant use for stand-ics and ~arriers in research
cn the transuraniz elements,

The research deocrlncd in tnis thesi= was undertaken in order to
develop a mere rapid and ecoromical separation proecedurse for the indi-
vidual iight rare earths, tnw cerium group, with particular emphasis on
the preparation of praseodymium zalts, Ion-exchange methods were chosen
for study; it will be showrn that this procedurse has many advantages cover
those previously reported. The goal of this research was the development
of a rapid, econcmical process for obtaining high yields of very pure
praseodymium which zould be S?&led up te a plant having a production
capacity of ssveral kilograme of pure salt per year.,

For some tims, researcn has been conducted in these laboratcries
on the application of ion-exrhavege {0 the separaticn of the rare-earth
elemente, The results of these investigavions have bean repcrted in a
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cowerkers (L,2,3,0.5.6.7).

of thiz technigue as related

saries of vap- T by ', 1, Snmedding aw
This thesis presents fur.asr appliz
to the purificaticn of praseodymium,

TIi, LITERATURE REVIEW
A, Chamica: ard Puysizzl Properties

of the Rare Barths

n

The chemical propevties of the elements in Gronp III-A of the
periodic system are co similar that ordinary chemical methods of separa=
ticn are in mest zases ~f yelatively laittle value, Lanthanum and
yttrium are always present witn the rare eariths in nature and follow
their closely during ssparation szihemes, The chomistry of the rare
earths has been reviewed rather extensively in a numper of publications
(8,9,10,11,12,13,1h), Tasse 1efe rences include a large body of quali-
tative chemical knowledze whish has been obtained about rars-earth
compounds, which proved wainable in the deveiopment cf better methods
feor the separation and purification of these elements,

The normal tripesitive walency shate is common tc all the rare
ear,hso Other valenres statea are known for some of the rare earths;
£ .

for example. tetravcsitive cerium and bivalent yuverblum, eurcpium and
Samarium ares weﬂl evtahlished, Some conbrovsrsy sexists regarding other
valence 3 3 of praseudymlum and terbium, A search of the literature

failed to reveal a serious claim for the existence of any valence shate
other than the tripositise in agueous solutions for the above two ele-
mernts, Howevar, higher valence states have been shown to exist in the
oxides cf these elewenis, The generally accepted oxides of prascodymium
are P“rO:, Prg0s and Prs, Marsh (15,10) has presented some evidence

cf a le&lBDL praseodymium in the form of Pro. Prandtl (17) has zlaimed
that praseodyminm can oxnibit a nlgawr valency of 5S¢ this claim has not
teen verifisd and most workers row agree that the pesitive four oxidation
ctate 1s the maximum,

It is accepted that the black oxide cbtained as a result of hesating
FrrCa, or salts such as the cxalafﬂ in air a% 700-10C0° has an atomiz
composition represented by the fo3 'mula Prg0:1,  The exact form of the
chamical binding in this axide 1s queqtlonablcn Marsh (15) prefers 4o
represent PTAO-L s Prly ,833. On the basis of ftensionmetric measurements
and X-ray d firdCLlON Da++ernq, he weuld represent PrOq g3y as being
e:f°CUiV°LJ Pr02 deficient in oxygen, and not PrQ, 5 with excess oxygen,
McCullough (18) 5 on the other hand, pressnis eildenEe in support of the
existence of PrA01; as a separate and distinet phasge in the praseodymium-
oxygen system. He prepared the higher oxide, P0p, Ly heating Prs0y1
to 300Y under a pressure of 50 atmospheres of oxygen T
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Many -f - phy;;p.; ~d chemical properties of the rare earths

may be adeguaicels plaiew, onothas o s Jf Ehe tronic configuxa.

tions cf the atoms, The rare earth fcxa have the electronic arnfLPu*am
tion 1s? 282 2p 2.6 gl Led ip® Ladie 2 Fpt /oAl A 47; the
valve of n incresses from O Lo 1h fron Ganthanum throu ph 4utet1un, The

Sat 652 elentrons amclofed in brarkets are involved in ordinary cremical
rzactions in aquencus sciutdons and acccocunth for the tr ipOSLfJ&Q valence
all these elemants, Tre addition of elscticons at the Li lsvel has
iittle effest on the oh=minal prope<ties of the jon. 3innse the nermal
valency 1s uwnaltered hy their przswmes and they take no part in the
formation of compounds, Ir becomes apparent thart these elements shcould
be similar chemically since they diff:r from each other cnly by Lbhe
charge on the nuclaus and the number of =lectrons in the L shell,

The abscrption spactra of rarecezrth ious in aquecus solution and
in crystals furrish the basis ¥ 5 g.ood physical metnod for the analysis
of several cf these elemevts, The absorption spe<tra have been shown
to result from "fortidden® transitions of the elsctions bp+w9cn states
within the Lf sh=li., These *ransitions give riss to sharp-lins abscrp=-
tions (19) wnich are of zuffizient irtensity +o allow semi-quantitative
determinations to be made ¢f several 1 the rareg-earifi ions, Good evi-
dence in support ol the forbidden transition hypothesis has been given
by Bethe and Spedding (20) ard by Speddirg (21),

The rare =arths provide & unigque series of elements feor tiz appli-
cation of modern conuepls regarding the paramagretism of ions., An out-
standing property cof the rare earths is the strong paramagnetism displayed
by the metals avnd thelr zsompounds., This property has been utilized as
a method of analysise, The paramsgretizm arises from the Lt el
which are shielded to 2 large extsnt from the fieids produced by the
adjacent chemical ly bonded grceups. Thus the paramagnens

nLTonE

ism choractnere
istic of a particular ion 13 w0l gredatly perturbed by the presence of
surrcunding ions and miy b2 uzed for semi-guantitative analysss,

One of the mest impzrrant fa-tors influpncﬂhg the shemistry of the
rare earths is the zonfrartion 8 the rare osarth dcon as the at mic num=
ber increases, The admissicon of suﬁcessiv§ ale |
orbitals increases the nusiesy oharge i
toward the pacleas arc vesul :
This effect lacreasas the etrenprhs with whish the

to the atom and results in 3 decrease in baeicity'g01ng from 1
through iutetium. Yuirdom has propertiss of shemis veoiume and basicity
which places 1t roughly betnween HV§prua¢um ana nholmiwm, and it is
usually found between Lhese ziemsnts in separaticn nwhpre\o A yaview
of the basicity characteristics of scandium, yrivium and the rare sarth
elements, as related to separstion methods. has beer published hy Moaller
and Kremers (22).

eorronE ars

nthanmn

o './ ¢

H
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extremely difficult ¢

in
of

Yy Methods for Separabion

seove 8o rlogely asscciated ip nature that it 1s

garths U
separate them, Thay have been cbtained, however,

{8

The rar
varying degrees «f purity by elavcorate and laborioms fractionations
TWo mJ.y*vrv:a ivetria® and “ceril" These mixtures were originally

believed by thelr discowera s to be purs oxides, The persistent re-

gearches of Mo sandze, Delafontaine, Cleve, von Weisbach, Brauner, dJames,
Hopkins, MsCoy, and many others resultsd in the separation of "yt trial
intc the oxides of Y, Tb, Dy, Ho, Br, Tm, Yb, and Lu; and Yceria® into

La

the oxides of La, Ce. Pr, Nd, Sm, Gd, and Eu,

Mosander discovered that Yzeria® was not a pure material but was

composed of at least three substances which he called ceria, lanthana
and didymia. This lasty oxide was afierwards split by von Welsbach into
praseodymia and necdymia., BSicsgbaudran found samaria and gadoliria *o be
present in digymia, Later, Demarcay made an elaborate series of frac-
wionations of samarium magnesium nitrate which resulted in the discovery

of

classification

a new rare earvh cxide, europia.

Irn discussing the rare earths it 1e¢ convenient to retain their
into two grcupss (1) the cerium group or light rare

sarths and (2) the yitrium group or heavy rare earths. The division

is

by no means as sharp as indicated above, but in general these are

the major conghtituente, The elements of the cerium group are comparas
tively easily separatad fromthose of the yttrium group by the double

sulfate method (22,20)

group is cerium., Sinc

tetravalent state, most of the cerium-group concenbrates obtained from
Y

dustrial sourszes al

t
in

» By far the most abundarnt elemenf, of the first
2 1w is also the most easily purified due to its

& n2grly Irse from sorium,.

The piringival methods of separaning praseodymium may be classified
follows:

1, TFractionsl veowystallization
2, Fractional preclwitatiop
3. Chemical vreparaticns

Ton--sxchange

o

7
Fractional recrystallization has recsived by far the most attention.

The mest successful fractional recrystallization methods have employed

the

cf

double ammonium, magnesium cr manganese nitrate, A typical sxample
a double nitrate is c(R E. )(NO:)‘°3Mg\NO )z°2lHo0, To be suitatle

for fractionation, ihe salts must “have & marked temperature coefficient

of

solubiiity and must remain shable over long pericds of time during

mhic they ars repeatedly heated and cooled, Baxter and Stewart (25)

used the doutle ammonium nitrate method in the atomic weight determination
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£ praseod'fm_?.vtr.u The us: i theas Lts and many others is adequately
raviewed in a number of ~uhlicotions ;i,ngJvll 23,28). A fractionsl
re *y:naillha,lh sten L5 Adezd g tha coneenfranion of prassodymium
from the ore, No otner proers offers w rom mparabls concen tra*¢on in an
equal number of opsration:z time, Thls process 1s especnially
useful for concentrating pragwoijm,um up to 50% in a mixture but becomes
less effi<ient affer this colieriration is reached, On fle cther hand,
ion-exchange wethods beoms more effisiont as the elerent 1s enriched in
the crude mixvirs, Thers@ire, a rapiz, Lnexpstsive sonceniration method
g desirable and further irvesiigationg of the y 5 of frac-
ftional recrystallization ars important,

Chemical ueparanlou\ of prazedywium have irwslwed the use of
tebr ava lent state of the zismeni. particularliy in the form of the NXJde,
The formation of Prls hus pbeep used to szparate prasexdymium from
ianthanum by the nitrats fuzion process (7). The presence of cerium
desirable in this separation since the G0z formed acts as a carrier
for PrOy and ~leaner separaiions are thus obhained frem Lanthanum,

FPractional precipitation 1s mainiy use! ul in ssparating lanthanum
and praﬁcodyrdum mixtures. since ianrhanam 13 considerably more basic,
The essential feature of +whis method is the ooqurn¢¢,ﬂ imeroduction of
a reagent sucn as ammonia, or 2 souros of carbounate 1o which prefeven..
tially pracipitares the pras givmium, A jrepetition cf this piregss on
the increasingly enri ~ns results in an eventual pur.ficatioi.
The air-borne armonia tauhniqu@ deacirbed kv Vickery (28) i=s representa-
tive of this method. In tnis methnd, the slow,. controlled addition of
WH),0H to a solufion of mixzed rare earths is aﬂ"ﬁmp]ish’d by bubbling
air through an ammonium hyaroxide zolution and leading ths vapor bo the
solution of rare sarthy where the hydroxides are fractiocnally precipl-
tated,

A separabtion method wiicr mey bieome increasingly important in the
future is vhat of solvent asxtracticn. Only a few preliminavy results
have bean reporited to date, and such work will be nescsssary before the
method cer. be fully evaluated, 4dppleton ard Selwnodl (29) have repovted
the use of n-butyl alcohol as a zolvent for the extraction of sguizous
selutions of mixed vars-earil thicevansinza, The distribution of nitranes
between water znd n-hegyl axcohal showed promis2 as reporsed hy Tewvleton
and Peverson (30}, and Templeton (21). The extraction of R.E.=S,7,-
dichloro-8~gquinciinci chelates with chlorofora iz dascirbed by M@eller
and Jackson (22)., These ﬁxpurlm%nts have been performed irn bat h-wlsa
fashions results with oclumnz which can ubilize nmlu«pj stages have nct
teen reporied, : : Ha have besn reporied hy scivent sxbrese
tion methods o dave,

&)

In sumwari zing the separation methocs indicated above. 1t must be
emphasized that,. at bast, sthey aire laborious nd reqiire several hundread
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geparate irallupalions, o ending c¢uver a period of perbaps szight o 1%
nionths, Ly otail Tery pure praseodymsam sants,

vears. a tremsndous advance in rare-esarth separe-

10 v .
J -
nLom :hemnsxry has bezen developed. The ion-exchange technique has largely
superseaded all oiner medrods for the final purification steps for in-
. l s P

The us2 of siliseous 1on-exchange matsrial., Crystallire No. 20,
for the separation of the rare earths was reported by Russell and Pearce (33).
They amployed a oolunm of the sodium-form exchanger through which a solu~
tion of mixed rare-earth nitrates was passed, The amouni of exchanseable
ions in the solution was greater than cculd be accommodated by the weight
c{ exchanger used, Fractions from this adsorption operatvion indicated
taan lanthanum was adsorbed less strongly followed by whe other rarvs
earths in the ordsr of increasing atomic anumber. It was demonstrated
hat the rare earths could be eluted from the exchanger with 10% sodium
chloride, The lanthanum ion was the most loosely-heid and was enriched
in the first effiuent fcollowed by the other rare-earth ions in the crder
of increasing atomic number, The use of a complexing solution, such as
armornum clirate, for eluting the rars earths from cation-exchange resins
esults in a reverssl in this order of elution and gives nmuszh better
eparations

m s—l

Tre development. of suitable synthetic ion-exchange resins, just
pricr to and during the late war years, snablied a3 rapid advance to take
place in the application ¢f thio technique to rare-earth separation. Asg
mentioned previcusly, the production cof plutonium stimulated the further
development or this method. The process as developed on the Manhattan
Prcject was not released for publication until 1947, 4shistory of its
development was published by Johnson, Quill and Daniels (34).

Spedding, =t ai., (2) have reported the separation of the adjacent
rare earths, rpraseodymium and neodymium, in gram amcunts and of spechtro-
graphic purity. This was a:complished by oluTing +be rare earths from a
bed c¢f Amberlite IR-1 cabicn-exchange resin with 5% citrate solutions
baving pH values in the range of 2,50 to 2,80,

Harris and Tompkins (25) used a similar technique for separating
the rare earths of the cerium group. They employed columns of Dowex=5Q
resin which also ware eluted with 5% citrate solutions, It was claimed
that exzellent separations were sbtained for the radioelements snd for
miiligram quantities of the elementis,

Ketelie and Boyd (36) reported the separaticn of radio-prasscdymium,
free of other rare-earth a-tiviiies, using columns of 270-325 mesh size
Dowex~50 resin which were ~1utad w.th 5% citrate at a pH value of 3.LC
and at. a temperature of 1007,
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More ~scar”ly, Speddiag, eb al.. ‘%,bn/ 5} hsir. shown that the
elution of mixed rare earths from carion-sxno nanpe resins with citrate
solutions having zoncerntrations of 0.5 and 0,1% ¢itri~ acid and adjusted
to appropriate pH values with ammonium hydroxide, resulited in excellent
separations of the adjacent elements. These -oncentrations of citrate
are particularly advantageous for tns preparation of large amounts of

the pure elements and result in lowering the over-all cest of the process,

C. Basic Principles of Ton-Ex~hange as Appliied

to Rare-Earth Separations

The cation-exchange resine may be depirted as high molecular weight
polymers containing an acidic grovp. sush as the sulfonic group, as an
integral part of the resin and an equivalent number of cations to assure
electrical neutraiity. The following practical aspects must be considered
in the synthesis of these resins.

1. The resin must be rendered negligibly solubls by sufficient
cross-linkagse.

2. The resin must be suffiniently hydrophilic te permit Jiffusion
of ions throughout the parlicle at a useable rate,

3. The resin must contain sufficient exchange groups to have a
practical operating capasity.

4o The resin must be chemically stable under the conditions of
application so as not to undergo degradation during use.,

There are several excellent resins on the market which adequately
fulfill these reguirementz, These exchargers constitute a class of
electrolytes having prorerties that are in many ways similar to true
solutions of electroiytes, ©Cation exchaugers are iorizc seclids in which
the anion is nondiffusible but has free arcess to diffusible cations
which may compete for pesitions on the active groups.

In many respects the action of the resin follows the law of mass
action. Chemical sguations for the adsorption r=action on the hydrogen-
form cation exchanger may be written as follows, arbitrarily assuming
the behavior of trivalent prassodymium to be typical for any trivalent
rare earths,

Pr*** 4 3 HR — PrR & 3IE*

In this equation, B represents esin having ouclear sulfonie acid



groups, hir sgoarion voo. zsents the ‘nivisl adsorpsion step and ig
genera Lly ;«1\rrwo Wwoas "icading the solunn®, In a deep-bed resin
eolume the mixsua rave. “th chlozride zolatlon is allowed to flow thesugh
the bed., and the weavrion iz driven to "uwyLetL~n since the hydrogen

lon i3 Pﬁmovmd from the vioinity of the exchange and flows cn down the
colum 85 hydeornloric antd, The adsorvtion shep rasulns in a cand of
mare earths at the top of bhe solumn, and the acid produced in the ax-
“hiange is washed oub of the hsd with dlatlﬁ eqd water,

The oolvmm 1o now in condibion Lo begin the elution, Since the
gffective concenyaition of a wq+inn in so]umiom may be reduced by com-
prex formation, ang ~abio 1 be raplaced on the resin by a dilub=
selutbion of a seound cation and an anion which will form a complex with

the bound cation, The cumplexing agent most widely used for rorsesarih

¢ ] Arvriz anid solution adjusted to 2 given pH with ammoniuvm
, noausk 2 civratbe sclutlon is passed thrcugh a solumn of
exchanger in thy hydroger-form, exchange ozcurs between the ammonium

and hydrogen ionz and the first effoent is citris acid. The ammonium

fon remains on the sxchungser slong with a small @qulllbrlum.3on”wﬁtratlon
of hydrogen io i

s which depends on the lnitial pH of the citrate zclition.
The rasin eventually beoomes saturated with ammoniwm ions at the equili-
riam concertraticon, 2va tre ef{fluent reaches the composition of tLhe

0“"g1n2; solatlan,

1on

4

LD
J'./

£ a mixvune of ravsessrth iong had been previously adscrbad a

top of the columi. as mernticreo abovs, the relsase of the hydﬂcgen ion
e resin iate the soivdion would prevent the formatiorn of a »

earth-altrals complex; the metal ?ons would remz2in adsorbed on the ex-
changer until the pH had inzreassd o the point where the complex 15
stable, Ag 8 regult, no rare earth-vomplex ions car precede the pH
region which will permil their exis tsnue, This faet has been observed
in all the researchsas devoribed in this thesiz, In the sepavatisn of
the rare earths using 0.5 and 0,15 cltrate soclutions. the appeavancs of
the ammonium ion and rare-earsh icn ab the bottom of the column (generally
called breakthiough) ccowrs essenvially simultaneonsly. This shows that
the rare sarth-citrate complex is desiroyed and the rare-sarth ions re-
deposited upon coming in conisct with the hydrogen-form exchanger,

3

¢

from Lhe

o8

are

During the eluticc, a complex series of squilibria occur within the
bely of the resin which resnl® in the separation of the individual reare-
earih icne into bauds which are subsequently rewovered in the offlueat
from the colum., The sxact mechanism of this process is not known,

As statad p
enrichment of on

a wing.e chemical cperation givez oniy a small
- rare =arth over another; therzfore, it becomes
‘ch automatically r=p=ats the operatlon many

obvicus that a2 process i
times is desirakble, The ion-sxchange zolumn provides such a metheds, The
exchange of rare earths bs,wuaﬂ the resin and solutlon phases ocours
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thousands of times ay v rars earnhe move down the ~olumn. and the

slight differen:

Y
ew . Tl caurlibriuwm vailues for the different rare
earths are thug made =]

in asparating the elewenis.

Tt is general recoenised that the sharpness of separation depends
upon several factors, such a3

Nature of the e luting agent

Lo
2. Concentration of tre elubting ageni ir the soiurion
3. The pH of the slaving scluticn
. Temperature of tne ¢iutine solution
5. Size of resin pariicies
6. Size of cclumn 23 reiated to the column load
7. Rate of flow of the eluiing solutien
8., Type of ion-exchangs rezin
9. The ration to he separated
The investigation of these variablas raquires that one variable be selected

for study while helding the remaining variables constant, It is euiJen
that a large number of sxperiments would be necessary to complete a
theorough study of ths pwoecss, Fortunately, 2t has been possible tc
extrapolate some data no 2w other conditions without making a completle
study of each individual ~ariabjie Howeyver, the extrapolation of dava
obtained from tracer scale (L0 010 om) experiments to milti-gram

10
guantities has proved unreirizhle several mastances and should be
avcided if possikie,

No attempt ha

a3 teen mad? .o review the extens ive literature cone
cerning the theor’e, propased Lo expl

ain the ion-exchange process crx
the many applications of the process, Several exvellen+ reviews (37,38,
39,40.L1) sre available which deal adequatsly with this material,

IV, EXPERIMENTAL PROCEDURE

A, Apparatus

The bulk of the davs on the =eparation of p tvaseodymium by iorne
exchange was obtained from the operation of zmsail columns designed to
handle up to the equivalent of 12 grams of rare sarth oxide per eiution,
These columns, shown in Figure ., were 22 mm inside diameter Pyrex
glass tubes with a porous glass disc sealed into one snd, The end con=-
taining the glass disc was drawn down o accommodate a one-quarter inzh
inside diameter rubber or Tygon tube fit*ed with a glass nipple, A
screw clamp on the flexible rubing allowed the flow-rate of the eluting
solution to be adjusted., Tre column assembly was mounted in a vertizal
position so that the rtorcus glass disc acted as a support for the resin
bed,
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porous giass disc and tn Loant of 0. riet, This volume was sufficient
vo allow the pressurs ho «o.alize over the entire surface of the glass
dise and resulted in fairly even flow through all parts of the resin
bed.,

The bottom plate for each of the 6-inch diameter columns was fit-
ted with seven symmetrically-arranged ocutlets which withdrew solution
from a reservoir one inch in depth below the resin bed. The seven out.-
lefis joined 2 common glass bult which then had a single outlet for
discharge of the soluvion., In this manner, the flow was rendered more
aniform threcughout the resin bed.

B, Materials

Two types of resins were used in the experiments described in this
thesis; a low capacity resin, aAmberlite IleOO*; and a high capacity
resin, Nalcite HCR™¥, Amberlite TR-100 is a phenol formaldehyde conden:
sation product containing methylene sulfonic acid groups and phenol
groups, Nalcite HCR is a ~cpolymer prepared from a mixture of styrene
and divinyl benzene which is sulfonated with sulfuric acid yielding
miclear sulfonic acid groups.

The commerc¢ial-grade resin was received in a damp state and was
allowed to air-dry for several days before classification according to
particle size. U, S, Standard sieves were used to screen the dry resir.
A resin which is designated 30240 mesh size, for example, passed through
a No, 30 sieve, but was retained on a No. L0 sieve.

The citric acid was of ordinary commercial U,S5.P. grade. A spec-
trographic analysis of the ash after igniting some of the material showed
only traces of impurities. Two forms of the solid citric acid were used,
the mono-hydrate and anhydrous.,

The oxalic acid empleyed as & precipitating agent for the rare
earths was Mallinkrodt analytical reagent grade.

The hydrochlorie acid. sulfuric acid, and ammonium hydroxide were
all of C. P, reagent grade, '

The filter paper was S & S No, 589 White Ribbon having below 0.07 mg
of ash per 11 c¢m zircle,

*Manufactured'by the Resingis Products and Chemical Company,
Philadelphia, Pennsylvania.

**Distributed by National Aluminate Corporation. Chicago, Illinois,






The rare-earth samo. was ssually pre paed from the oxide, and all
sample weights in this i, usis axe giviy in terms of the oxide, A given
weight of oxide was dissclived in a miramum of 6N hydrochloris acid and
diluted with distillsd water so thah a liter of solution contained from
0,005 to 0,05 moles of raie-zarth axide, The dilute rare-earth chloride
solution was passea through ithe columr at a linear flow-rate of 1.0 <¢a
rer minute., The rare-earth ions replace the hydrogen ions on tha sul-
fonic acid groups to form a saturated rars earth-resin band at the top

of the resin bved, After rinsing the ¢olumn with distilied water to ra-
move the acid formed in the adsorprlcn process, the colimn was considered
ready for eluticn and was attached by means of a siphon to a reservolr

of the eluting solution which iz generaliv calied the eluant,

The eluant used to effect the sereration is designated as C.5% o
0.1% citrate solution, It is ¢ ke understood that the solution was ma de
up with the proper weight of citric acid monohydrate per liter of dise-
tilled water and then adjusted to the desired phE with concenurahzd
ammonium hydroxide., Beckmsn pH meter, Labecratory Model G, was used in
adjusting the pH of the sclutions: the values thus obtained were
probably accurate to £ 0,02 of a pH unit, In crder to preveni the
growth of mcld, a gram of phenol was added for each liter of the
tion (3).

-
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The column was operated under the conditinsns prescribed for the
particular experiment with regard to fiow-rate. pH of the eluant and
any other spe<ial conditions, It was necessary to maintain all condi-
tions of elution fixed with the exception of the particular variable
being investigated., The elution was continued at the chosen flow-rate
until the leading edpe of the rare earth band neared the bottom of the
resin bed. The solution was z2clleasted in volumetric flasks and the
breakthrough of the rare earth-citrate complexes was tested by the
addition of oxalir a=zid, When the breakthrough had occurred, the
measured volumes of eluate were transferred hto beakers., The precipi-
tation of the rare-earth oxalates was ar~omplished by adding oxalic
acid crystals to the solution and heating to avout 809 for one hour,
The oxalate precipitate was alleowed to seftle, and the solution allowed
to cool for not less than 12 hours, The triltered samples wers then

ignited at 700-800% for at least six hours *- form the oxides and thern
weighed. The total eiution curve was cbtairned by plotting the grams
per liter of oxide against the volums of elusnt passed through the
columm, The elution curve was further expanded by recording the analysis
of the individual fractions on the curve,

When the elution had progressed long enough to furnish the infor-
mation desired from the experiment., ths remainder of the material, if
any, on the ceclumn was removed 5y *TWIPDJWE with a 5% citrate solution
adjusted to a pH wvalue of 5.5 with concentrated ammonium hydroxide,
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A complete description o this instrument and its operation is given
elsewhere (L5). The absorption cells used gave a light path of 1,000 z
C.003 centimeter, The slements associated with praseodymium which have
useable absorption bands ars neodymium and samarium,

In order to put the spectrophctometriz analyses on a quantitative
basis, The molar extinction cocefficients for chlorides of praseodymium,
neodymium and samarium were determined for those absorption peaks which
were free from interferenze by other ions., The complete spectrum from
3Ll0 m st to 1000 m,( was investigated for each of these salts and
absorption bands chosen which were sufficiently intense to be detectable
in low concentrations, The absorption bands meeting these requirements
had peaks occurring at LLhL m 4 for praseodymium, 7O mu for neodymium
and 4Ol mu for samarium.

Table 1

Data for Spectrophotometric Analysis

Element Absorption band, Band width, Molar absorbancy
index, as
(m 1) {m ) (1 x moles~! x em~1)
Pr LLl: 5 10,07
Nd 740 10 6.53
Sm ).I.Ol 5 3 o 09

The influence of excess hydrochloric acid in the solution was in-
vestigated and found to be without effect on the molar absorbang
indexes up to concentrations 2N with respect to the acid, Beer's law
was obeyed up to concentrations of 200 milligrams of oxide dissolved
in hydrochloric acid and diluted to a volume of 10 milliliters. The
data used in the spectrophctometric analyses are surmmarized in Table 1,
Using this method for analysis, it was found that samarium could be
detected in amounts down to 0,5% and the lower limit for detecting
neodymium and praseodymium was about 0.3%.

The steps involved in analyzing the samples of eluate consisted in
precipitating the rare earths from the citrate solution as oxalates by
adding 10 grams of oxalic acid per liter of solution. The precipitates
were allowed to settle, then filtered and ignited to the oxides. A
weighed amount, 50 to 200 mg, was dissolved in 0.6N HCl and diluted to
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large-scale operations ciane the cogt of the operation was considerably
reduced., Therefore, it was decided tc make a dewnailed study of the
variables affecting trne purification of prasecdymium using the 0.5%

and 9.1% citrate zcluticns for eluting the mixed rare-earth samples
from ion~-exchange resin beds,

1, Preparation and ilcading of resin beds

The cation-exchange resin se

ments was Amberlite TR 100 having a capacity of 1,75 milliequivalents
per dry gram (L0). The comme rcial ion-~-exchange resins are not prepared
for research purpeses. I as therefore necessary to prepare a homo-
geneous batch cf the rezin ioA use throughout the investigation in order
that the conclusions drawn from the data cobtained from the operation of
several different columns would be free of variables introduced by non=-
hemogenity of the exchanger. The homogeneous batch was prepared by
drying and theroughly mixing the resin after which it was sieved to

obtain the desirzsd mesh sizes,

lected for use in the following experi-

e

Another wvariable which may be introduced into the experiments in-
volves the preparation of the resin bed in the columms. Amberlite
‘IR-100 resin particles are irregularly shaped and may pack in the bed
in such a manrner that charmels would result. Therefore, the same proce-
dure for preparlng *nﬂ resin beds was followed as nearly as possible in
each experiment, It would ha deesirable to have the same number of ex-
change groups, or a proportional number, in each cclumn in crder to make

comparisons of the ddtoa Si nce this was not practical to achileve, it was
decided to prepare similer bed heights using the standardized packing
procedure,

Praseodymium concentrates were not available in the beginning of
the investigations using C,5% citrate solutions. Therefore, several of
the early experiments were performed with neodymium to determine the
nature of the elution curves,

2, BEffect of pH on the eluticn of pure neodymium at two flow rates

Five columns having beds of -304L0 mesh size Amberlite IE-100
resin, 120 cm long and 22 mm in diameter, were loaded with 1,683 grams
(0,005 mole) of pure Nd»O3 per column. The samples were eluted at a
linear flow-rate of 0.5 =nm per minute (1.9 ml per minute) at pH values
of 4,20, L:10, L.00, 3.90 and 3,80,

At the completion of the elutions, the columns were reconditioned
and the experiment repeated at a linear flow-rate of 2.0 cm per minute;
all other conditions being the same as before., The elution curves for
these runs are given in Figure I, The pH of the eluting solutioca
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It may be concludec from the data presented above in Sections 2 and
*, that the separatica of mixed rare =2arths would be improved by operat-
ing at a flow-ra*e not greater than .5 om per minute. It also appears
that a -60#80 mesh s12= re<in would give a closer approach to equilibrium
conditicns which should result in better separations.

Although it was :oncluded that finer mesh sizes of resin would be
desirable. such resins are difficult to obtain in large quantities. Onz
of the primary objects of these investigations was to determine condi-
tiong for separations which =ould be scaled up to pilot-plant size,
Therefore, it was decided to use -30¢LO mesh size resins, for the most
part, in the following studies since they are available in larger quari-
tities,

"

L, Effegt of pH on the elution of neodymium-praseodymium mixtures

Seven columms containing ~30s40 mesh size Amberlite IR-100 beds,
12C em leng and 22 mm irn diameter, were each loaded with samples made
up from 1.995 grams of & mixture conbaining equal weights of Nd>03 and
Prg0i3. The mixture slosely approximates equimolar amounts of the two
rare sarths and is equivale=t t¢ the number of moles used in the previous
experiments, The mxturss were eluted with 0,5% citrate solutions having
pH values of L.LT, 1,20, Lo10, 4,00, 3,90, 3.80 and 3,70, The flow-rate
was 0,5 ¢m per minute, The data arz given in Figure 6,

This experiment was repeated at pH values of L.20, L.10, L.0C, 3.90
and 3,80. holding all other cenditions the same except that the flow-rats=
was increased to 2.0 .m per minute, The data are shown in Figure 7. Th=
pH values used for the elution are recorded beside the corresponding curve
in beth tigures.

All of the analyses wers made using the spectrophotometric method
which easily detected amounts of one rare earth in the other down to
0.5%, The data are summarized in Table 2 which shows the per cent of
the indjvidual rare earth. originally available in the mixture, which
was obtained greater than 99,5% pure, The results of elution at pH
3070 were not included since the elution rate was too slow for practical
purposes and also shewed a rather poor separatiou.

A number of conelusions may be drawn from this experiment. Referring
to Table 2, the separations using 2 2,0 cm per minute flow-rate were in
every case inferior to those obtained with a 0,5% cm per minute flow-rate,
This was expested in view of the results obtained from the elution of
pure neodymium described in Sezticns 2 and 3 since the columns were
operating far from equilibrium ~onditions,



CONCENTHATION, MG. ROy /L.

31

H00 |-

400

300}

PH 4.40

100 ¢

80 |-

*H 420

L1 =

48 50|

to 7
sH 3.80
10|
T
|
i 1
;
| |
E !
1001 ! N |
50 35 60
*H 3.TO
sof. s0 }.
7
L ]
H
/%
!
° I N I R 1 R ] [ ! .
10 8 20 28 L] .0 (1] 70 kil 80

VOLUME OF ELUATE, LITERS

Figure 6 - The effect of pd on the elution of 1.695

gram samp
amounts o
2.2 x 120
Amberlite
solutions
Ndz0x3 O,
Specding,

les of a mixture containing equal
f Ndz0z and Prg0i:1 by welght from
em veds of -3C+L0 mesh size

IE-100 resin using (.54 citrate
at a flow-rate of C.t- cm/min: O,
mixea frections; 0, PrgOii. Irom

Fulmer, Butler ané Powell (5)



32 Isc-1L8

109
o, TR vH 3.80
£ g,
sC 1,' \%‘l s on
3’* \W:m: vt %'ou'“
N \ ...."
[ “k la o, °® 7 - R0 oo | !
38 40 48 L [ 1d
. 150 |-
3
g
<
<
2 109 v
]
W -
g 80 °° 30
(X} °O
(]
°°
o [2 1 ]
28 43
150 - 800
100 [ zoo:
8o |- 100}
I 0,—
¢ 0 I; !lO 10 5 20
VOLUME OF ELUATE, LITERS
Flgure 7 - The effect of pi on the elution of 1.695 gram

samples of a mixture conteining equsl amounts of
Ndz05 and PrgU;1 by weight from 2.2 x 120 cm beds
of -30+40O mesh size Amberlite IK-100 resin using
U.5% citrate solutions at a flow-rate of 2.C
em/min: O, NdpOx; @, mixed frections; @, Prga0y,.



The ~1:‘aflu~ “urves res + a flow-rate of 2.5 em per minuhe
show ne beabl s of L.40 and 3.80 with ﬂcCredS¢ng
zeparation at the 125, This effect is cliearer in th2
case of ncodgmium Dot s apgar%n* in the case of praseodymiun, especiall

Tabie 2

Sevaration of HNeodymdum~Prasecdymium Mixturss

Binart Flow-rate Elution volume Rp0: Obtainable

$99.5% Pure
(pH) (om. /mir, ) (Liters) FN3p03  BPri0py

3.80 2.5 30 gl B2
3,90 0,5 50 71 6l
j«l—o J0 Co—; 35 55 Li-d
110 0.5 27 g2 6l
li,20 T 5 29 5 55
b D65 13 70 &7
3.8C 2.0 a0 5L 57
3,50 2.0 2C 36 51
.00 2,0 37 18 Lo
Lo 10 2,0 z6 21 19
i, 20 2,0 21 57 22

whan the 2,0 om per minuvte flow-rate axperiments are also considered,

This mey bz taken as further evidence that the mechanism of the separstion
changes with respect Lo the nature of the rare-earth citrate complex
Tormed,

Considering the above resulits from the standpoint of obtaining the
most pure prasecdyrdium in a (Lven length of time, tne elution at a pH
value of L,LC was preferable in coms respects. The tobtal liters of
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2lvate which must be causihs in order to complete the elution were
directly preportional to the time necessary for elution since the flow-
rate was constant. The best separation was achieved with citrate of pH
value 3.80, and the next best with citrate of pH value L.LD, both at

0.Z em per minute linear flow-rate., Assume a column load equivalen® to
10,0 grams of £0-50 neodymium-praseodymium oxide for comparative pur-
pozes., The %0 Liters of eluate necessary for the elution at a pH value
:; 3,80 is ecuivalent to 790 hours or about 33 days which would yield
a1 grams of 399.5% PrgOyy in this time, On the other hand, the 13
liters of eluate from the eluticn at a pH value of U.LO wculd require
14C hours or about & days to yield 3.35 grams of »99.5% Prgdyy. Thus
in a 33-day pariod about 5 eluntions could he completed with citrate

pH value L.LO which would yisld 16.75 grams of > 99.5% Prg0jp. Since
the columns mus* be regenerated after sach individual separation and re-
lozded with the rarc-earth mixture, the advantage gained in wvsing the
higher pH values would be lessenad somewhat because more runs are required.
The comparison given above will serve to point cut that the conditions
giving the best separation are not necessarily the best for practical
operation.

5. Pilot-plant operations

A pilof-plant consisting of 24 L-inch inside diameter columns 10
feet tall was set up as a cooperative effort with other members of the
laboratory, A description of this plant was given in Part IV, Section A,
Each column was loaded with Amberlite IR-100 which was regenerafed and
adjusted toc a bed height of eigit feet,

The pH value of the eluant used for the operation of these columns
was 3.90. The results of the experiments described above in Section 4
would indicate that a dlfierent pH value should have been chosen, How-
ever, other factors of a practical nature indicated the use of this eiut-
ing solution, Among fhe more important considerations was the number of
fracticns of eluate which could be processed per day. Twenty-four
colums, each con+ributing two fractions in 2l hours, were more con-
v;nlen+1y cperated with the man power and equipment available, The rate
ci elution with citrats of pH value 3.90 and flow-rate of O, 5 cm per min-
ube (0.5 ml per minute) was the best, consistent with good separations
and also allowed time for the processing and arnalysis of the fractions
while the run was in progresg.

The optimum weight of rare-earth mixture per columm for the elution
conditions mentionsd above was determined by a set of experiments in
which rare-earth samples equivalent to 50, 75, 100 and 125 grams of Rp03
were eluted from the coilumnz. It was found that the separation of the
comporent rare earths was prastically the same-for sample weights up to
and including 100 grams, but was poor for the 125-gram sample., In
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At tne pE value of 5,50, 32% of the available 1102 and 83% of the
available rg0y; were obrained with purities greater than 99.5% as
determinad spectrophotometrivally, Inhe elution at the lower pH value
of 5,00 was not carried to sompleticn and the fractions were not nalyzad
since the slution rate was so low that it would not be sultable for large
scale fracticnations. However, the elution was carried beyond the region
of overlap between the neodymium and prasecdymium and judging from the
cclor of the oxades a very good separation was obtained.

I# will be noted that the conditions for these eluiions were iden-
tical with those described in part L of the previcus section with the
exception of the concentration and pH value of the citrate solutions. A
comparison of Figures 6 and 9 shows the tame change in Sha e of the elu-
tion curve with changes in pH values of the eluting solution as were found
for the C.5% citrate soiutions. This is again suggestive of changes in
the mechanism of the elution as a function of pH., The best separation
of neodymium from praseodymium, with 0,1% citrate. was obtaiued at a pH
value of 5.50 with yields of 8L% of the available Ndz03 and 82% of ths
available Prg01j. It is notewcrthy that these yieids are practically
identical with those previously obtained with 0.5% citrabte at a pH value
of 3,80, Since liters of eluate are equivalent to time, for a consiant
flow-rate, the supericrity of 0.,1% citrate at a pH value of .50 is
clearly demonstrated.

The effect of flow-rate was determined for the 0,1% ritraw: solu-
tions by duplicating the 2lutioun at a pH value of 5,50 in all respects
except for increasing the flow-rate to 1.0 cm per minute in one case and
2,0 cm per minute in another experiment, The per cent yield of available
Prg014 was reduced to 55% and 35% respectively. This clearly establishes
the superiority cof the 0.5 om per minute flow-rate for elutions witn beoih
0,5% and 0.1% citrate sclutions,

2. Effent of particle size of ithe resins

A column of -60#80 mesh size Amberlite IR-10G, 120 c¢m long and 22 mm
in diameter. was loaded with 1.405 grams of 5050 NasOy PrgOqq a: :
in the »nreceding experiment., The e waE o aluied W“* (e %"
a ol value of 5.50 using & Liuear J-rate of .5 ‘m,pcf miy
wonditions thus duplicate the elution at pH walue 5,50 shown in Figurs 9
witn the exception of resin particis size, fMpure 10 compares the elution
curves obtained for the two mesh sizes of resin. The two curves are drswn
to the same scale which ailows & direct comparison %o be made of the widhtn
of the mixed rare earth region bherween the dashed verticle lines, The
per cent of the avallable P12 sod Pre0js obtained grsater than 99,7
pure 1s given in Table 3,




39 1s3Cc-1hL8

150
-60+80RESIN

100

14
O

o
e Xe]

-30+40RESIN

CONGENTRATION, MG. R,05 /L.

100

35 40 45 50
VOLUME OF ELUATE, LITERS

Figure 10 - The effect of particle size of the resin on the
elution of 1.©95 gram samples of equimolar
mixtures of Ndz0; and PrgO0;; using O.lpx citrate
solutions at a pd value of 5.50 and a flow-rate
of 0.5 cm/min: G, mixed fractions, @, NdgOs,

@, rrg0iy. ;. _krom Specding, Fulmer, Powell and
Butler (6) f7
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Effect of Resin Particle Size on the Separation
of Neodymium and Prassodymium
Llvant Volume cf Eluant, Resin Jarticle Per Cent Rare
Size Earth Availacle
) ))99 5% Pure
(ptl) (liters) {mesh range) %Ndp03 Prf011
5,50 T ~60480 85.5  90.1
5.50 h5.5 ~30+40 82.0 53.0

3, Lower citrate concertrations

This exneriment was 6951gned to determine whether citrate concen
trations of less than 0,17 would be useful for the ion-exchange separa-~
ticn of neodymium and praseodymium. It is generally true that the rane
of elution of rare earths from a given ion-exchange resi: varies directly with
the citrate concentration and pH of the eluting solution at least for 57,
C.5% and 0,1% citrate concentrations and in the pH range 2.5 to .5,
Tharefore, citrate solutions below 0,1% should have higher pH values in
order to maintain a wractical elution rate,

It was decided to use as a reference point the conditions which re-
sulted in thea eluticn curve at pH value 5.50 shown in blgure 9. In order
to obtain a 0,1% citrate solution having a pH value of © : ‘ i
that about 10 millimoles of NHI.OH must be added to each 11@“
citric acid monchydrate. Two eluting solutions were made up ronta
10 millimoles cf NH}OH per liter, one being 0,05% with rrvﬂlci to ¢
acid and the other 0,025% The resulting pH valuss were $.63 and 9.15,
resvectively,

Two columns were nrepared and loaded with 50-50 neodymiwn-praseodymium
as described above. All conditions of the elution were the same as thoss
used tc obtain curve 5.50 in Figure 9, except for the eluting sclutions
mentioned above, The column eluted with the 0.05% citrate colutlon re-
quired 39 liters of eluant befors a rare eayrth breakihrough was detectad.
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Figure 11 - The effect of resin ned length on the elution of
mixtures of Sm, hd and Pr from -3.+L0 mesh size
Amberlite IIi-1L0 resin oveds, 2.2 cm in dlameter
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@, Ndz0x; ¥, PrgO11. From Spedding, kulmer,
Powell and EButler (6
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oitra"m g0 T 0N, L vas also cleariv established that no further
separtion U Lae rare-sartil palr would result from using beds of resin
Longer ihan necessary 1o glve a fully develoned eluticn curve. The re-

2lts of their studies shculd be directly applicable to separations
~dymd uin,

invoiving nr

Table L
Effect of Column Length for a Three-Component Mixture

cf Samarium, Neodymium and Praseodymium

Resin bed height (em) 30 60 120

Free bed height (em)™ 20 50 110

Breakthrough wvolume (1) 6.7 17.5 37.6
Total volume of eluant (1) 20,5 38,9 62,5
% Smp03 obtainable 99.5% pure 70.5 71.2  81.5
7 Nd»07 obtainable >99.5% pure none Ll.5  67.3
% PrgOy1 cbtainable >99.5% pure 8.8 67.4L 88.0

¥* . ~ - . .o . .
Centimeters of hydrogen-form resin remaining in the resin bed after
adsorbing the mixed rare earths.

Such a study was hampered in the case of praseodymium-rich mixtures
by the formation of a rare-earth citrate precipitate in the resin bed
vhen the sample weight exceeded a certain value, This critical sample
weight for 50-50 neodymium~prascodymium mixtures eluted from 22 mm dia-
meter columns with C,1% sitrate at pH value 5,50 was determined to be
about 2,2 ¥ 0,1 grams based on the weight of the oxide from which the
sarple was prepared. This value corresponds to a column loading of about
0.5 granm of Ro03 per square centimeter of resin bed cross-section for
Amberlite IR-100, This facht is given since it was determined that this
value for the critical sample size applied to resin beds up to four
inches in diameter under the same conditions of elution. In general, it
was found that the tendency toward precipitate formation in the resin bed
increased with increasing amounts of praseodymium and lanthanum in the
samples; increased with increasing weights of the rare earth mixture
adsorbed on the columm: and incrsased with increasing pH of the citrate
solution,
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The precinitate usually formed shortly after the beginning of an
zlution in the region near the bottom of the adsorbed band of rare earths.
The precipitate could become so dense. depending on the conditions noted

1

above, as to obstruct the flow of solution through the resin bed thus
causing sericus channeling *o result.

More cquantitative data concerning this precipitate and a method for
preventing its formation will be given in a later section.

5, Nalecite HCR resin

A quantity of Nalcite HCR cation-exchange resin was procured from
the National Aluminate Corporation, Chicago, Illinois, The resin is a
nuclear sulfonic acid type having a cation capacity of l.15 milliequiva-
lents per dry-gram (L0). A4ccording *o a private commnication from the
Dow Chemical Company, the National Aluminate Corporation is licensed to
distribute Dowex-50 resin under “he trade name Nalcite HCR, Harris and
Tompkins (35) reported that the high capacity resin types, such as
Dowex=~50, are superior to Amberlite IR-10C for rare-earth separatiocns.
Their conclusions wers based on experiments performed with yttrium and
cerium mixtures, using 5% citrate solutions in the pH range 2.75 to 3.30.
It was decided to investigate the use of this resin for the separation
of praseodymium employing 0.1% citrate solutions.

Nalcite HCR has characteristics which should be advantagecus for
use in column separations of the rare earths. It is produced in spheri-
cally shaped particles having a larger percentage of particles less than
30 mesh size than does Amberlite IR-100., The spherical shape of the
particles makes it easier to prepare a wniformly packed resin bed with
less chance for the formation of channels during the elution., The higher
capacity of this exchanger allows a larger load of rare earth mixture
to be adsorbed and separated per column,

Shortly before the initiation of the experiments with Nalcite HCR,
a better source of praseodymium crude was made available by the Lindsay
Light and Chemical Company which they called "praseodymium ammcnium
nitrate." This material was found to have an Rp03 content of 30% by
weight. .The oxide was analyzed spectrophotometrically and found to con-
tain U3.5% Prgli1. 10.2% Ndy03, 46% Lap03 and traces of SmpO3 and CeOp,
In subsequent, discussions the oxide obtained from this material shall be
referred to as the "praseodymium crude."

Full advantage was taken of the information gained from the elution
of neodymium-praseodymium mixtures from Amberlite IR~100 with 0.1%
citrate solution in this study using Nalcite HCR.
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A few pre:iminary swnoriments indicated that the 0.1% citrate would
have to be adiusted to a pH value in the neighborhood of 6,00 in order
Lo obtain a pr i

tical elution rate from Nalcite HCR reosing this value is
nigher than that used for aAmberlite IR-100,

Another ugeful property of this resin was discovered during the
ziution experiments, By shining a bright light on the column of resin,
the front edgs of the rare earth band was clearly defined as evidenced
by a difference in the shade of brick red in the rare-earth form resin
and the hydrogen-form resing the band front could thus be followed in
this manner until the breakthrough point was reached. The back edge of
the band was more difficult fo distinguish,

5. Increasing column length with a constant sample weight

Three columr beds of -h0450 mesh size Nalcite HCR resin, 22 mm in
diameter, and 20,0, and &0 c¢m in length. were prepared, Each columr
was loaded with the equivalent of 3.5 grams of praseodymium crude and
then eluted with 0,1% citrate solution having a pH value of 6,10; the
flow-rate was 0.5 cm per minute., The citrate solution used in this
experiment and the following experiments was made up from anhydrous
citric acid. The elution curves are shown in Figure 12. The amount of
pure praseodymium cbtained from each column is given in Table li. Special
note should be made that the analyses were performed by a combination cof
spectrophotometris and spectrographic methods. The pure Prg07] had less
than 0.1% of impurities.

The per cent yield of the available praseodymium was in good agrese-
merit with the results obtained from Amberlite IR-100 resin., In addition,
the actual amount of the pure material obtained was increased since the
column weuld handle a larger initial load. The effect of column length
was to increase the separation for lengths increasing to the point
necessary for the attainment of the fully developed type of elution
curve.

It will be noted that the sample load used in this experiment ex.-
ceeded the load whicn csused a precipitate to form in the Amberlite
IR-100 resin beds asg mentioned previously. Only a slight trace of the
precipitation was cbserved in this experiment and it dissolved completely
before the rare earth band had progressed half way through the free
resin bed length. This slight precipitation apparently had no adverse
affect on the separation.

o

7. Increased szmple weight on a fixed column length

&
.

Each of two columns with resin beds of -L0450 mesh size Nalcite HCR,
60 c¢cm long and 22 mm in diameter, was loaded with the equivalent of L.5
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The elution of 3.5 cram samples of praseodyvmium crude from -LC+5C mesh
size Nalcite HCE resin beds, 2.2 cm in diameter and 20, L0 end 60 cm
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and 5.0 grems of praseodymium crude, respectively., The elution was
performed witn 0.1% citrate having a pH value of 6.10 and at a flow-
rate of 0.5 cm per minute,

Table

Praseodymium Separations on Columms of Varied Length

Sample Wt, Column length  Amt. Prg0p; obt, Yield of available
>99o9 PI°6 : >99o9%
(grams) (centimeters) (grams) per cemt)
3.5 20 0,116 7.6
3.5 Lo 0,800 52,6
3.5 60 1,260 82,9

The column with L.5 grams of crude yielded 1,37 grams of >99,9%
Prg0q1 representing 70% of the available praseodymium; the 5,0 grams
of crude yielded 1.L9 grams of > 99.9% Prg0p1 representing 68% of the
available praseodymium,

A very heavy precipitate formed in both of these colums near the
beginning of the elution but it slowly dissolved before the breakthrough
occurred. The reduced percentage yield of the available praseodymium
was attributed tc the formation of the precipitate., The number of grams
0£}99.9% Prg0yy continued to increase slightly over the amount obtained
with the 3.5 gram load of crude described above in experiment 6,

8. Separation of praseodymium from lanthanum

Three columns having beds of -40450 mesh size Nalecite HCR resin,
22 mm in diameter and 30 cm in length, were each loaded with the equiva-
lent of 2.0 grams of a mixture of praseodymium and lanthanum oxides,
The composition of the sample was 73.9% PrgOyy and 26,1% Lag03, The
samples were eluted with 0,1% citrate solution adjusted to pH values of
6,20, 6,00 and 5,80, respectively. The flow-rate was held constant at
0.5 cm per minute., The elution curves for this experiment are shown in
Figure 13,
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Figure 13 - The elution of 2 grem ssmples of a mixture of
Pr and La oxides from -L0+50 mesh size Lalcite
ACR resin beds, 2.2 x 30U cm, with C.1% citrate
solutions at pd values of 6.2, 6.00 and 5.80
and a flow-rate of (.5 cm/min: @, PrgOi1;
®, Laz0s; O, mixed fractions.
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The percentage of the wvailatle PrgOpj which was obtained > 99.9%
pure wase [9.74, 77.7% and 93,5% in +the order of decreasing pH of the
citrate eluting sclutiocons,

9, Nature of the colurm precipitate

A lieinch inside diameter column was loaded with greater than 20
mesh size Nalcite HCR and the resin bed loaded with the equivalent of
150 grams of praseodymium crude., The column was eluted with 0,1%
citrate of pH value 6.1C at 0.5 cm per minute flow-rate., These condi.-
tions were designed to produce a large amount of precipitate and they
were successful,

The resin plus precipitate was removed from the top of the column
and allowed to air dry. It was found to be relatively easy to remove
the precipitate from the coarse resin particles by screening the mix-~-
ture., The precipitate was converted to the oxide and analyzed for its
rare earth content; the analysis showed 11.4% NdpOz, 59.5% PrgOii. and
29,1% La203o This showed that all the rare earths in the praseodymium
crude were present in the column precipitate., Thus to operate under
conditions which produce the precipitate, sufficient free resin bed
length must be allowed to separate the rare earths in the precipitate
after it has dissolved. This was a serious limiting factor in large-
scale praseodymium separations since the advantage of increased sample
weights with proportionately lengthened resin beds could not be utilized.
A very positive deterent was the blocking of the resin bed with pre-
cipitate if larger samples were employed.

The chemical composition of the precipitate was not determined but
it is believed to have an empirical formula of R(Citrate):2H,0 where R
represents a rare earth, Tevebaugh (L8) has found that such a compouﬁa
forms from lanthanum-citrate solutions,

10, Prevention of the column precipitate

The property of Naicite HCR resin which allowed observation of the
front and back boundaries of the rare earth band was helpful in devising
a. method for preventing rare earth precipitation in the resin bed., It
was observed that the length of the original band of rare-earth mixture
adsorbed on the column increased to at least twice its original length
and reached a steady stave during the elution. OCoupled with the fact
that the precipitate in the bed dissolved during the elution and did not
reform gave rise to the idea of spreading out the band of rare earths
during the column-loading cperation. Two methods for accomplishing this
were considered: (1) adding excess hydrochloric acid to the rare earth
chloride solution to be adsorbed on the resin bed or (2) adding ammonium
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chloride to this solutiocn. In either case, the added cation would com-
pete with the rare earth ions for positions on the resin and result in
a lower concentration of rare earths per unit volume of resin,

The praseodymium crude, used in testing these methods, was assumed
to be composed of a rare earth of atomic weight 140. Solutions of rare
earth chlorides were prepared from 5.25 grams of praseodymium-crude
oxide. To one of the samples, 15 ml of 12 N hydrochloric acid was added
and 30 ml of the acid was added to the other. One solution was left
free of excess acid to be used for comparative purposes. The amounts of
acid added corresponded to a ratio of 2 equivalents of HCl per equivalent
of RCl; and L equivalents of HC1l per equivalent of RCly, respectively.
The thTee solutions were diluted to one liter and adsorbed om -L0+50
mesh size Nalcite HCR resin beds which were 60 cm in length and 22 cm
in diameter., Each cclumn was eluted with 0,1% citrate at a pH value of
6.10 and a flow-rate of 0.5 cm per minute,

A large quantity of precipitate formed in the column having no acid
added to the solution. A few scattered particles of precipitate formed
in the column having acid added in the 2/1 ratio; no precipitate was
observed in the other column.

In a subsequent experiment, the effect of adding NH},Cl to the rare
earth chloride solution in the ratios given above gave analogous results
to those obtained with the acid,

An experiment was designed to test the use of hydrochloric acid
for a larger sample load. A column of =40+50 mesh size Nalcite HCR,
22 mm in diameter and 100 c¢m in length, was loaded with the equivalent
of 9.5 grams of praseodymium crude. Six equivalents of hydrochloric
acid were added per equivalent of RCl3z. The column was eluted with 0.1%
citrate of pH value 6,10 and at a flow-rate of 0.5 cm per minute. The
elution curve for this experiment is shown in Figure 1L, The weight
of Prg011, obtained > 99.9% pure, was 3,12 grams which represented a
75.6% yield of the available praseodymium. An excellent separation of
praseodymium from lanthanum was achieved. The rather broad overlapping
of the neodymium and prascodymium curves may be explained by a very
crooked rare earth band front which was observed during the elution,

The results reported in this section are of a preliminary nature
and further experiments will be necessary to determine the maximum size
sample for various column lengths which will give a fully developed
type elution curve,

11, Pilot-plant operation

The results of the investigations using 0.1% citrate solutions for
the separation of praseodymium, especially those obtained with Nalcite
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HCR resin, were employed in large-scale production of spectrograpnically
pure praseodymium., The pilot plant shown in Figures 2 and 3 was set

up in cocperation with other members of Dr., Spedding's group. Each of
the twenty 6-inch diameter columns was loaded to a depth of 76 cm with
=30¢L0 mesh size Nalcite HCR resin, All of the separations were per-
formed with 0,15 citrate at a pH value of 6,10 using a flow-rate of

0.5 cm per minute, The sample load of praseodymium crude which should
be used on these columns was rougnly determined by extrapolation from
the 22 mm diameter columns with 60 cm bed lengths. The ratio of the
area of the 6-inch diameter column to the area of the 22 mm diameter
column is U48.5. Based on a S5-gram load for the 22 mm diameter column.
this would indicate a sample load near 250 grams for the 6=inch diameter
column, The first separations made on this column were done without

the addition of excess hydrochloric acid to the rare-earth solution
being adsorbed., As a result, it was found that 250 grams was the
maximum load which could be eluted without excessive precipitate forma-
tion in the columns, The columns were eluted to the point where all

the praseodymium had been recovered and then the remaining lanthanum

was stripped from the column,

The results obtained from the operation of a number of columms
are given in Table 5, The per cent yield of available Prg0yj. obtained
2 99.9% pure. was lower than would be expected from the results obtained
on the 22 mm diameter colums. It was found more difficult to maintain
horizontal band fronts on the 6~inch diameter columns which could
easily account for the reduced percentage yields. The increase of sample
weight with proportionate increases in column length should lead to
higher production rates of pure praseodymium. In addition to the
spectrographically pure praseodymium obtained from these operations.,
other fractions rich in praseodymium, having a single rare-earth im-
purity, were obtained which constituted excellent sources of the element
for further purificatiorn.

It is recognized that the conditions given above are not optimum
for the operation of a pilot-plant scale unit and further investigations
need to be pursued along the lines indicated. It was, however, demon-
strated that 90 grams of specirographically pure praseodymium oxide
was obtainable per column operated using the praseodymium crude men-
tioned. An elution of this material plus the necessary operations
attendent to the run required a period of six weeks to complete. Thus
if 20 columns were operated with 325 gram smaple loads, based on weight
as oxide, it would be possible to produce spectrographically pure
Prg0yy at a rate of approximately 15 kilograms per year,
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Vi, 5uiliRY oD CONCLUSIONS
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i
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&3 possible during the e lution process in ovder that the small differ-
ences between the equilibriup constants of the indaividual elements may
ba fully widlizeds, Suflicient Time must be allowad for the cations to
difzuse nte and out of the rssin so that an equiiibrium may be eshablished

-
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biiweer the rave earths 1y the resin phase and those complexed by the
itrate ions in the surrounding =solution phare, Experimental evidence

s given to show that a reduction in the Iflowerate cf ths eluting solu-

i t a decreass in resio parfticle size, which decreases the length
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of the diffusion path in the resin, resulted in a closer approach to
equilibrium conditions and increased the separation of adjacent rare
earths.,

Small differences in the pH of the citrate solutions, used to elute
the rare-earth band from the resin bed, resulted in both a qualitative
and quantitative change in the shape of the elution curves. The varia-
tion in the shape of the curves was interpreted as being related to a
change in the relative importance of different rare-earth citrate com-
plexes in the eluting solution. The existence of at least five such
complexes have been reporited by Spedding and co-workers (L). In general,
lower pH values of the citrate solutions,; in the applicable pH range,
resulted in better separations., However, in large-scale production, a
compromise must be made between the increased time necessary to complete
the elution, with somewhat better separation, at lower pH values, and
labor cost.

There is little choice between the use of 0.5% or 0.1% citrate
solutions for separating small amounts of pure praseodymium, However,
0.1% citrate is to be preferred for large-scale production since the
cost of the operation is reduced.

Nalcite HCR resin was shown to be superior to Amberlite IR-100
for large-scale prassodymium separations. Nalcite HCR not only has a
higher capacity but the spherical form of the particles permits better
packing in a column, thus reducing the tendency of the rare-earth band
to form streamers or to channel during the elution, Direct observation
showed that irregularity of the band-fronts of the individual rare
earths may account for a large percentage of the overlapping of adjacent
rare earths. In other words, the region of mixed rare earths in an
elution may be attributed in part to the mechanical difficulties of
maintaining a horizontal rare-earth band-front during the elution,

Preliminary experiments showed that a greater percentage yield of
the available praseodymium resulted from increasing the sample weight of
the praseodymium concentrate with a proportionate increase in the column
length., This increase in yield occurs because the region of overlapping
rare-earth bands remains essentially constant if a minimum resin bed-
length is provided for allowing full development of the component rare
earths into bands., Further increase in resin bed height above the minimum
length for a given column load does not result in further separation be-
tween adjacent rare earths,

A complete investigation of the relation between column load and
column length was prevented by the formation of a slightly soluble rare-
earth citrate compound which precipitated in the resin bed as the sample
weight was increased, The rare-earth citrate precipitation in the resin



UL
Y

IsC-148

bed was preverded vy adaing excess hydrochloriz acid or ammonium
chloride to the mixed rars-earth chlorides before the sample was
adsorbed on the resin bed,

The conditions of =lution were successfully scaled up from small
column experiments tc a pilot-plant which was demonstrated to have a
:apacity for oroducing 15 kilograms of spectrographically pure praseodym-
lum oxide per year., In the spectrographically pure material, the emission
iines of any possible rare-earth impurity were absent wiich showed that
1235 than 0,1% of such contaminates were present.

During the course of these investigations, seven kilograms of spec-
trographically pure prassodymium oxide were prepared and made available
o a number of investigators conducting theoretical researches on the
properties of the rare earths,
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