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STUDIES OF THEHE FRACTIONAL SEPAEATION OF 1HE RARE EARTH ELEMENTS

REACTION OF THE ANHYDROUS CHLORIDES WIL1H ETHYL BENZOATE

I The Rare ZTarth Dliements

" Except for lanthenum, element number 57, there seemed
to be no place in the periodic chart for z group of elements
of atomic numbers 07 to 71 called the rare earths. When the
structure of the atoms was determined it showed that all 15
members of this group should logically be placed in tnis one
space. The outer orbits of all of the rere earths are ident-
ical, each member putting its additional electron in an
inner shell. This sccounts for the similerity of properties
between the members of this group which is perheps its most
distinguishing feature. What diiiereilces there are vary
gradually with the atcmic numbersj; the atomic weighis rise
from 139 to 175; the basicity decreases as the weight goes
up. The colors of the iong fall into a definite pattern
renging from colorless turu green,'red and yeliow to color-
less and back in the reverse order to colorless again,

In genersl, their properties fall halfwsy between
those of aluminum and barium. They form insoluble hydrox-
ides, carbonates, and oxalates. Their salts are hydrolized
less thsn those of aluminum. The metals react vigorously
with hydrogen and form hydrides, in this case resempling
caleium and barium. All of the rare earths exhibit an
oxidation number of three., However, cerium and praseo-
eymium may also have a valence of four and samorium, eurcp-

ium and ytterbium a valence oi two. Such exceptional col-
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pounds are unstsble and react with water except in the case
of quadrivelent cerium. This property of change oi wvaience
is mede use o1 to remove cerium and has been used to remove
small smounts cof samarium, eurcopium and ytterbium,

It is not surprising that elements whose compounds are
g0 similar are foupd together in nature. 7Three cther ele-
ments, thorium,.scandium and ytlirium are found ‘with the rare
earths. Cerium makes up nearly one third oi the deposits.
The even atomic numbered elements zre always more abundant
than the neighboring odd numbered ones. The entire group
forms zbout .,001% of the earth's crust which is several
times more sbundant than tim, mercury, silver, cadmium,
antimony, molybdenum, tungsten, hismuth,.platinum, or godd.
Deposits are found in many parts ol the world, notably in
Brazil and India where the heavy insoluble phosphates have
been washed down towzrd the sea where they iform huge Deds.
Cerium was used in gas mantles and is used on enamelware.
An alloy of the rare earths and iron is used in gas lighters
and the fare ezrth ﬁluorides are used in sesarchlights. The

oxides are useful as catalystis.



II The Problem of Separstion

The rare earth elements usuaslly occur in depositis con-
sisting of a large number or all of tlhe group. Since their
properties vary so slightly from one memper‘to the next, no
eagy method of sepesration preseuts itseli except for the
casee previousiy mentioned. Any prodedure used must be
based upon the slight progressive.ciiierencea between lhese
elements and is necessariiy some sort of Ifraciionation
process.

The difference is besicity which decreases with in-
creacse in atomic weight is the taeis for severel metﬂods:
fractional precipitation of the hydroxides by either orgenic
or inorgenic beses, fractionsl decomposition ol the nitrates.

Variation in solubility makes possible fracticual preci-
pitations and crystaliizetions. Fractional crystaiizeatlion is
the present commercial methed aithough the sileps nececssary
are numerous if a pure product is desiredj; at present
it is carried out only on a small scale,

There is, therefore, a need for a more efiicient method
involving fewer steps. Although many of Llhe purposes for
which the rere esrths are used todsy require siumply & mix-
ture oif thece elements much more mey be done with them when
a cheap commercial supply of each member ie obtainable in

a fairly pure stszte.



IIT The Meihod to be Uged

A few years asgo Young found theat thorium bromide re-
sete with ethyl benzoate to form the benzoate and ethyl
bromide. This suggested the possibility that the anliydrous
rare ezrth halides might react similarly witih organic esters
and at diifering raetes, enailing a seperation 10 Le made
becsuse any unchanged chioride would be soiuble in watler,
whilé the benzoste formed vwouldd be inscoduble, The reacuion
rate wase found to inecresse witn inerease in the atomic
welght ol tile e¢ement.

In carrying out such a reaction it is necessary first
1o prepare lhe anhydrous cihdoride which is introduced into
the resciion tube and covered with anhydrous ethyl benzoate,
The mixture is hested over a bath poiling =t the desgired
temperature. 7The ethyl chldoride evoliveu is collected and
measured a8 an indicetion of how far the reaction heses pro-
ceeded. After about 30% of the chlorides have reasciled tulhe
flask is cooled and the excess eihyl benzoate removed with
petroleum ether. The residue is then extracted with watler
seperating the insoluble rsre earth benzoates of the portion
which reacted from the éoLuble unchsnged chlbrides.

Fractionations of this type had elready been made in
this lsborsatory using mixtures consisting of known amounts
of neodymium and lsnthanum and of proseodymium and neodymium,
However, the method had not yet been used on a naturai mix-

ture of the rare earths. Four samples of raw material were



available for this purpose: two rare earih oxide mixtures
from the Maywood Chemical Co., some rare esrth chlioride
crystals from Rohm and Haas Co. and an oxide mixture from
the Lindsey Light snd Chemicel Co. All of these samples
contained cerium which was to be removed before the frac-
tionaticn wss Legun. It was decided to stért on oiie oif

the odide mixtures from the Mayvwood Co,



IV Methods of Control

If a separation method is to be studied there mustl be
some way of determining the composition of the two fractions
resulting from the partiel reaction as well as an snalysis
of the origiual materizl., The lack of distinguishing prop-
erties betlween the members of the rare earth group makes
snalysie difficult in the same way as it does a separction;
the elements cannot ve determiuned one by one, One indirect
method utilizes the faect that the masgnetic susceptiviliities
vary progreegsivel, . By using a megnetic balance changes in
composition may be observed. However, such a balance ves
no£ inmediately aveilable and other methods were used.

The aversge atomic weight msy be calculated ii the
chloride in a weighed sasmple of the anhydrous chloride is
known. This method was usedj a few grame ol the chdioride
were dehydrated by heating in HC1l gas, weighed dissolved in
O and the chloride precipitated with excess AgNOg. The
AgCl was iiltered and weighed.

Many of the rare esrths have charactefistic colors in

ijonized solution(Nd**“pink, Pr '

Ygreenish yellow). The
solutions studied were all pale pink iundicating lerge amounis
of neodymium precent. The light sbsorption of the ions of
these elementis makes them adaptsble to analysic by the
spectrophotometer.

The calibration curves of percent transmission versis

concentration of neodymium and praseodymium prepared by Vander
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Weyden for the spectrophotometer and for the color analyser
in the department of physics were avallable. Welghed amountg
of the oxide to be determined were dissolved in HCl and di-
luted to a definite volume. Distilled water was usged as a
blank. From the percent transmission at a wéve length of

44% millimicrons for praseodymium and 520 millimicrons for
neodymium the molarity of these ions was found and the pef—
cent by welght in the oxlde calculated. The results ob-
talned on the spectraphotometer were most inconsistent and
the curves made by the color analyzer were relied upon en-

tirely.



V Removal of Cerium .

Cerium is the only one oi the rare esartihs which can be
easily separated by ordinary'analytical methods. Thie is
pessible since cerium is the only one éf the group whose
valence four compounds are stablie. 4aAll of the methods of
seperation iried were based upon the same priiciple: salts
such ss nitrates and bromates of quadrivelent cerium hydro-
lize to form insoluble compounds while the olher Tare earths
remain soluble in valence three,

The methods in the literature seem to be for the separ-
ation of pure cerium, not to ovtain a cerium free rare earth
mixture. A slight modificetion of the bromate method of
Charles James was found to be very satisfzctory.

200 grams of the mixed oxides were dissolved in &7C cc.
of concentrated HNOz. The CeQg forms the complex HgCe(KOzlg.
If eny Ce,Og is present it dissolves in tue nitrate as do the
the other rsre eartih elements present. The mixture wese then
evaporated on the hot plate until slmost completedy d4dry,
driving off two molecules of HNOgirow the HZCe(NOS)6 leaving
Ce(li0g)gwhich then hydrolized to form the insoluble basic
salt OH~-Ce-(NOg)g. Water was added and the precipitate fil-
tered off, 40 grams of KBrQgwere added and the mixture was
boiled. If any OH-Ce<{lOg)gwes still in solution it precipi-
tated as the even more insoluble Vil-Ce-(Er0Os)z. Any cerium
present in valence three was oxidized up to valence four by

the bromete ion forming Ce(BrOz)g. The solution was filtered
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VI The Aversge Atomic Weight

Next the average atomic weight of ilhe remaiuing rare
earthe was to be celculated by determining the amount of
chloride in a weighed sample of anhydrous chlorides.,

The filtrate from the cerium removal was hested to
boiling snd the rere earth oxalsales precipitated by an ex-
cess of hot HgCoO4 solution. The oxalates were filtered by
suctién while hot and washed witn hot diliute HcCoOg4 2nd hot
HcOe The pink crystzls were dried in air overnight. ‘hree
grems were iguited at ©00-750°C for £-3 hours. The oxide
was dissolved in congcentrsasted HCi and evaporazted to dryness
in the steam bath. It was then ground in an sgate morter
and allowed to stend in a desicator(CaClg).

A Sweeney HCl generator was sel up under the nood. It
consisted of a small dropping funnel 1ull oi concentrated HC1
which was slowly let into concentrated HoS04 thru a capillary
tube. The HCl gas generated was led off thru the stopper
of the large.separatory funnel which contained the HeS04 .

It was bubbled thru concentrsted HoSO4to dry it and tunen
passed into the reaction tube whicn was encssed in a cylind-
rical furnace.

The chlorides were introducea into the center oi the
tube by plecing them in a smaller glsss tube and pushing
them out in the proper spot by mesnes of a solid glass rod
which exsetly fit inside the smeller tube. The apparatus

was made as tight as possible. A straight tube led away



irom the réaction tube. The generator wae adjusted so that
it bulbled steadily but slowly. 7The furnace was hested at
100°¢ for at least one-hour then at 200°C and finally at
300 to 330°C for a final hour, during which a CaClztube re-
placed the straight tube. The furnace was allowed to cool
and then the HCl1l was replaced by dry CO-. The chloride was
removed quickiy and weighed in a weighing bottle. The
welghed chlioride was dissolved 1in HgO, acidified with HNOg
eand excess AgNO5; added. The precipitate wacs filtered off
into a weighed gouches, dried end weilgzned,

In some cases only 10/25 of the soiution of the chlor-
ides in HgO was used. The remsining porLion‘being precipi-

tated a& & check,
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VII Prepsrstion of the Anhydrous Chloride

A larger quantity of the anhydrous chloride was needed
for the reaction with ethyl benzoate. The same HCl generator
and furnace were used with a lerger pyrex tube ruuning thru
the furnace. Attempts to use the hydrzted chloride as before
were unsuccessfui with the larger ssmple; the surface was too
small and water:continued to condense at the ends of the tube
for many hours.

About 15-20C grams of tlhe hydrated chlorides were pre-
pared as before and mixed with an ecual weight of NH4Cl. The
mixture was heated in a crucible for three hours at 200-220°C
to dry it completely. It was then introduced into the larze
tube and heated in a stream of anhydrous HCL at temperature
slightly above 400°C. The LH&Cl‘decomfoses and condenmes in

the cooler ends of the tube but was pushed along by heating
with a free flesme., After no more NH,Cl appeared to be coming
off the furnace wes cooled aﬁd finally the HCLl turned off and
dry COz run through. The chloride was then removed with as
little NH4Cl as possible and kept covered in & desicator until

useds.
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VIIT Reaction with Ithyl Benzoate

I1 the anhydrous rare earth chlorides are heated with
ethyl benzoste they willi react forming insoluble rare earth
benzoates and ethyl chloride gas. If the temperature is
kept about 192°C some of the rare earth elements will react
faster than others and the resction will proceed at a rate
such that & separation can be madeé between those which have
reacted and those which héve not.

REClz+ S CgHgCOOCgHs = RE(CgH5CO00)3 + 3 CoHsCl

The apparatus consisted of a2 tube with a ground gizss
eep. A side arm led to a'testtube which wae placed in a mix=-
ture of dry ice and ethyl alcohol(-76°C) for condensing the
ethyl chloride(E.P. 12,29C); the testtube wes open to the air
through a CaClg tube. Before the resgenis were iutroduced the
epparatus was filled with dry COg. Ten grams ol the aniydrous.
chlorides were placed in the bottom of the tube =znd covered
with ethyl benzozte. A larze testitube coniaininé decshydro-
nepthalene which boils st 195°C was pleced esround the inner
tube and the bath kept refluxing gentiy for twelve hours.

The volume of elhyli chlioride which had condensed st tlhe end

of that time plus the estimated amount stiili in the reaction
vesse% equalled zbout three cc. which indic:zted ilhst about

35% of the chlorides had rescted. fThe apparatus was tuen
cooled and the mixture extracted wilh petroleum ether to re-
move the excess ethyl benzoste. The residue wee dryed and then

moistened with alcohol and extracted meny times with small



amounts of cold weater. The insoluble rare earth benzosates
were thus separsted from the soluble rare esrth chlorides,

The filtrate contazining the soluble fracticn was hesatled
and the oxalates precipitated with excess hot diluke HzCoOg4.
The oxsalates were filtered and ignited. 1l.c830 gm. of the
oxide were discolved in HC1l and diiuted to 25 cc. for analysis
with the color analyser.

The insoluble fraction was igniled, dissolved in HCI1,
filtered and the oxalate precipitated in hol soliution, fil-
tered off and ignited. 1.02916 gm. of the oxide were dissolved

as above,
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IX Summery of Hesults

It was not Kknowii to whal exilent the rare earth chlorides
would Dbe couverted to the benzoates but it weas hoped that
those of lower atdmic number from lentlianum tc europium would
be converted only to a siight extent so thst the insoluble
benzoates would comsiet mainiy of the rarer eiemenis ol high
atomic number. Changes in the composition ¢i the fractions
were Iollowed: Dy changes 1. the «cvercge atomic weigut aud by
changes in the councentreation oi the two elsenenis neodymium
and pfaseodymium for which calibislion curves had been pre-
viocusly obtained.*

The change in asversage atomic weight vwas very smali.

The values obtained were:**
| original material 141.1
insoliuble frection 141.0
goduble fraction 140.c

It is possible that the orisinel sample contained
yittrium and some scendium of atomic weights 89 end 4b. These
two elements zre less basic then many oif the rare eartns and
would heve reacted quickly. “he atomic werght oi the iusoiuble
portion would thues be lower than it would otherwise be and
the average atomic weight of the scluble portion would be
higher in comparison to the original material, However the

difference does indicate some change in the expected direction.

* Future work should include aneslysis by megnetic balance
to determine the extent oi reaction of one member. of
higher atomic number.

%% See table I fqr calculations.
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The results obteined uy the color snalyser* were much
more revialing, The éhanges in percent neodymium by weight
in the oxide were: |

original materiel 42.2%
insoluble fraction 52.0%
soluble fraction 39.7%
The differences were great enough to indicw a definite
separation, 7This shows thatl lenthenum was changed very
slightly, while ilhe reaction was continued lon: enough for
a large portion of the neodymium to rezct.
" The changes in percent praseodymiﬁm are much smaller
but etill significants
original material 18.1%
insoluble fraction 21.8%
soluble fraction 17.0%
The presence of neodymium lowers the gppareut iransmission
for prgseodymium but the correction factor is only 1/.996
and was thereiore neglected.

These resultls of a fractionation of a natursl rere
earth mixture confirm the indications obtained in this lab-
oratory by use of artificisl rare earth mixtures that this
new method holde out possibilities of iractionslly separ-

ating the rare esrths.

#599 table II for cslculations.



TABLE I

equations:
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Aversge Atomic Weight Caslculstions

3(35.5) S wts of chloride in AgCl
av., atomic wt.+ 3(3b.5) wt. of RECLg

SO0 i wi. of chidoride in AgCl
107.9435.5 wt. of AgCl
I &av. atomnic
REClg AgCl chloride weight

original material 1.0816gm, 1.200gm. «4695gm., 139.3

1.0&816 1.820 4070 140.7

1.0023 1.743 4315 141.1
gversage = 141.1
ingoluble fraction 1.4068 2.4390 6035 141.0
soluble fraction 1.8499 3.8248 « 7990 140,2

Average
Aversge

Average

atomic weight of originel materisl= 1l4l.1
atomic weight of insoluble fraction=141.0

etomic weight of scluble frsction = 140.2
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TABLE II- Color Anslyser Celculations
Absorption wavelength Molecular weight
Neodymium 520 millimicrons NdgO3= 536.54
weight % trans- §
of oxide volume mission molearity % Nd
original materisl | 1,6830 gm.  ©6E2.5¢ce, T7% .« 0075 42«5
insoluble fraction] 1.0916 (SYERRS) 81 « 0540 52,0
goluble fraction 1.6830 62D . 78 06356 39.7
molerity _JS36.94 volume _ % Nd
- wte 01 oxide 1000
Absorption wevelengih Moleculear weight
Praseodymium 443 millimicrons Prg0q 1= 1021.58
weignt % transe
of oxide volume mission molarity %Pr
original meterizl |1.6830 gm. ao GC. C4 . 0% 0715 18+ 1%
ingoluble fraction| 1.0916 25 705 . 0560 £1l.8
soluble fraction 1.6830 2o ©6.0 "+ 0670 17.0
molarily 1021,.52 volume S
seSs—— T DET

© wt. of oxide e -
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X Addendum

There was sufficient time for & few more experiments so0
& ssmple of rare esrth shloride crystals from Rohm and Haas Co.
was dehydrated and pleced in the reaction tube with ethyl ben-
zoale as before, Upon heating at 1959C a resction started but
gsoon stopped. Anotler portion of tne seme materisl prepared
seperately behaves similarly. The material was tested for
cerium and s large quantity found present.

The ethyl benzozie wazs removed and ethql oxalate added.,
At 1540C there was no reaction, at 177°C a slow resction and
at 195¢C & very vigorous reaction. (The rare esrih chlorides
with cerium removed have Dbeen previously observed.to react
with ethyl oxalape at room temperature.) After extraction
with watler ouly @ small quentity of an insoluble subsleauce
remeined.,

'

Cerium chloride does not react at 125°C to form ethyl
chloride; a liquid was observed condensing Jjust above the
reaction tube.

These experiments seem to indicste tnat the cerium notl
only does not reasct ss ihe other rere eartas do but, if a
large smount ie present in a mixture, willi prevent the olher
members from rescting.

The cerium wae removed from a sample of the Rohm and Haas
erystels. The anhydfous chloride wae prepared and heated &t

-19590,with ethyl benzoate, The reasction was extremely slow.
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It is possible theat more cerium wes left iu this sauple
then was expected. Eefore any conclusions are drewn from lhese
reactions the behasvior of several more sémples woth with
and without cerium must ve observed. The liquid Iorﬁed when
cne chloride is pure CeClg should be identiiied., If cerium
prevenis the rest of the group from reccting the amount

= CL

necegsary to have such zn effect siiould be determined.
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